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Abstract 
 Total knee arthroplasty (TKA) has become the gold standard approach for treating 
advanced osteoarthritis of the knee. Although the surgery continues to be very successful 
at relieving pain and restoring joint function, its longevity is challenged by wear and 
loosening of the implant components. This requires the patient to undergo a revision 
surgery to replace the implant, a much more challenging operation than primary 
arthroplasty. Wear of the polyethylene tibial inserts from TKA is assessed in vitro using 
mechanical wear simulator testing and by examining failed implants retrieved from 
patients during revision surgery, as well as with direct in vivo measurements. Current in 
vitro measurement tools provide only a global estimate of wear (failing to describe 
whether the wear has occurred on the articulating or backside surfaces, or stabilizing 
post), or are qualitative measurements, or lack resolution. Current in vivo measurement 
techniques are performed statically or quasi-statically, leading to the potential for an 
underestimation of wear volume as the contact area of the implant components change 
throughout flexion. The purpose of this thesis was to describe, validate, and utilize new 
advanced imaging techniques to measure TKA implant wear for both in vitro and in vivo 
applications. Micro-computed tomography (micro-CT), a non-destructive, high resolution 
imaging technique was utilized to provide detailed images of the geometry of tibial 
inserts used in wear simulator trials or retrieved from patients, and create surface 
deviation maps to accurately quantify wear. Ways to create an unworn reference 
geometry, for use in comparing to a worn retrieved tibial insert when the pre-wear 
geometry is unknown, were evaluated and a best practice approach was determined. 
These methods were then applied to study a group of tibial inserts retrieved from patients 
 iv 
during revision surgery, which were found to be well functioning with a yearly wear rate 
equivalent to other contemporary implant designs. Finally, a pilot study to evaluate the 
use of dynamic single-plane flat panel digital radiography for use in measuring TKA 
implant wear in vivo was conducted. The system was determined to have a measurement 
accuracy and precision sufficient to begin a pilot clinical study with patients. 
 
Keywords: Total knee arthroplasty, micro-computed tomography, dynamic single-plane 
flat panel radiography, polyethylene wear, wear assessment, surface geometry, retrieval 
study, reference geometry. 
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Chapter 1 
 
Introduction 
 
1.1 Knee Arthroplasty 
Osteoarthritis is an increasingly common progressive disease.
1
 Worldwide, the 
knee is the joint most commonly affected by osteoarthritis, and over time the entire knee 
joint can become damaged by the disease.
1,2
 Symptoms may include pain, stiffness, and 
decreased joint function.
2
 The initial treatment of osteoarthritis is conservative, including 
regular exercise and physical therapy, as well as the use of drugs such as acetaminophen, 
non-steroidal anti-inflammatories (NSAIDs), and intra-articular injections of 
corticosteroids and hyaluronate.
1,3,4
 Should symptoms persist after these treatments, 
surgical intervention is recommended.
1,3
 For severe osteoarthritis, partial or total knee 
replacement (arthroplasty) can be undertaken. Total knee arthroplasty (TKA) is 
performed to relieve pain as well as enhance function, range of motion, and joint 
stability.
5
 The indications for TKA surgery are radiographic evidence of knee 
osteoarthritis (i.e. joint space narrowing), along with pain and disability not correctable 
by non-surgical therapy.
1,6
  
Rates for joint replacement have increased worldwide, with demand expected to 
increase substantially due to aging populations.
1
 In Canada (excluding Quebec), over 
24,000 hip and 37,000 knee replacement surgeries were performed in 2006-07, the most 
  
2 
recent reporting year of the Canadian Joint Replacement Registry.
7
 The number of knee 
replacements in Canada increased 140% between 1996-97 and 2006-07, with the largest 
percent increase in the 45 to 54 year old age group (271% for males, 337% for females).
7
 
TKA has become the gold standard for treatment of end-stage osteoarthritis in the knee, 
as it has proven to be both safe and cost-effective.
1,5,8
 However, TKA is irreversible, and 
is thus undertaken only as a last resort following the failure of other, joint-maintaining 
therapies.
1,3
 In addition, adverse outcomes can be associated with TKA, including 
mortality, infection, and pulmonary embolism.
1,5,9
 Age and existing co-morbidities are 
the main risk factors for these negative outcomes.
1
   
TKA, as it is known today, was developed in the early 1970’s, following on the 
development of the total hip arthroplasty (THA).
5,10
 For the hip, numerous materials were 
experimented with before a metal-on-polyethylene design was settled upon. Since the 
inception of TKA, the majority of designs have consisted of a polyethylene tibial insert 
sandwiched between metal femoral and tibial components.
11
 More recently, 
unicompartmental knee arthroplasty (UKA) has been developed for patients with 
osteoarthritis in only one of the three knee compartments (patellofemoral, lateral 
tibiofemoral or medial tibiofemoral).
1
 Of these, the medial tibiofemoral is the most 
common to be replaced.
1
 Although the 10-year survival rate for UKA is slightly worse 
than for TKA, a failed UKA is more easily converted to a TKA than can a failed TKA be 
revised.
1,12
 Therefore, UKA may be a better choice for younger patients who will likely 
require revision surgery during their lifetime. In TKA, there is a greater risk of failure 
after 10 or more years implantation for patients under the age of 50 compared to patients 
  
3 
over the age of 70, making patients over the age of 70 the preferred candidates for 
TKA.
1,8,13,14
 
As surgical techniques and implant technology have improved, the revision rates 
for TKA have declined.
1,15
 Currently, there are excellent 10-15 year outcomes for 
primary TKA.
15
 As widely successful as TKA is, it remains an imperfect technique for 
many patients. Up to 19% of patients report they are unsatisfied with the outcome of their 
surgery, with this lack of satisfaction focusing primarily on pain relief and return of 
function.
16
 For surgeons and implant designers, the primary limitation associated with 
TKA is wear of the polyethylene component, which can decrease the longevity of the 
implant.
17-20
 Decreased implant longevity is of a particular concern for younger patients, 
who are undergoing TKA at an increased rate and are more active than older patients 
post-surgery.
21
 This increased activity places greater stress on the implant, and can 
potentially increase the rate of wear.
21
 Therefore, in an attempt to improve patient 
satisfaction and increase implant longevity, there has been a constant evolution in the 
design and the materials used in TKA. 
1.1.1 Evolution of Total Knee Arthroplasty Components  
Devices for knee arthroplasty underwent a number of redesigns until the development of 
a bone cement, polymethylmethacrylate (PMMA), which allowed proper fixation.
5
 Early devices 
were of a hinged design, allowing only fixed-axis motion, with limited rotary motions added 
later.
5
 The general TKA prosthesis design used today –  involving a polyethylene tibial insert 
between a metal femoral component and a metal tibial tray – was developed in the 1970’s.5,10 
Since then, these three components as well as the instrumentation used to implant them, have 
undergone a significant evolution, so that many different total knee prostheses of varying designs 
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and materials are now available to patients and surgeons. The overall goals for all TKA designs 
are to increase functional performance and wear resistance while maintaining excellent long-term 
fixation.
15
 Metal-on-metal and ceramic-on-polyethylene TKA implants have been developed, but 
concerns surrounding the biocompatibility and carcinogenicity of these implant types exist. Due 
to these concerns, cobalt-chromium-molybdenum against polyethylene continues to be the most 
prevalent design for TKA (Figure 1.1).
11
 
 
Compared to other alternative bearings, polyethylene has remained the gold 
standard for articular surfaces due to its superior wear resistance, biocompatibility, and 
fracture toughness.
22,23
 The major limitation of polyethylene is its susceptibility to 
oxidative degradation, which diminishes its mechanical advantages.
22,24-26
 Oxidation also 
increases the formation of wear debris.
27
 This oxidation has been correlated to the 
methods used to sterilize the polyethylene for implantation.
22,23
 High-energy radiation in 
Figure 1.1: Example of a typical total 
knee replacement implant. A: Cobalt-
chromium femoral component. B: 
Polyethylene tibial insert. C: Titanium 
tibial component. 
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air results in significant amounts of oxidation, whereas sterilization with ethylene oxide 
or gas plasma does not oxidize the components.
22,26,28-31
  
Polyethylene may also be irradiated in order to cross-link its polymers. Highly 
cross-linked polyethylene was introduced in the 1990’s in an effort to improve the wear 
resistance of implants and is now in widespread use for THA.
27,32-34
 Wear simulator 
studies have also demonstrated reduced wear volumes in tibial inserts manufactured from 
highly cross-linked polyethylene in comparison to those manufactured from standard 
polyethylene.
15,35
 Unfortunately, the increased wear resistance seen with highly cross-
linked polyethylene is compromised by a decrease in material fracture toughness.
34,36
 The 
use of highly cross-linked polyethylene in TKA is therefore controversial, yet its 
significant clinical successes in THA will likely result in the widespread introduction of 
highly cross-linked polyethylene in TKA to minimize wear.
18,34,36
  
1.1.2 Polyethylene Wear 
Polyethylene wear is the progressive loss of polyethylene material from the 
implant due to mechanical action.
18,37
 This mechanical contribution to polyethylene wear 
occurs in TKA due to the complex articulation of the knee, which includes rolling, 
sliding, and rotational motions.
18
 These motions are enabled by the non-conforming 
surfaces of the knee, which experience greater stresses than the hip’s conforming 
surfaces.
11
 Due to these higher contact stresses, damage found in tibial inserts is generally 
greater than damage in acetabular liners.
11
 Polyethylene wear can occur on any part of the 
insert surface, including the bearing surface (Figure 1.2), the backside (undersurface) of 
modular tibial inserts, and on the post of the posterior stabilizing insert models.
18,38-43
 The 
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volume of polyethylene wear that occurs in vivo is dependent on patient, implant, and 
surgical factors.
18,21
 Severe wear can occur within only a short implantation time due to 
the high stress experience by the knee geometry, and can lead to restricted range of 
motion, disturbance of knee joint kinematics, and possibly joint instability.
11
 
 
  The primary patient factors related to polyethylene wear are age, weight, and 
activity level, as these factors determine the amount and rate of load applied to the 
implant.
11,18,21,37
 Of these, activity level has the greatest effect on the implant and can 
vary as much as 45-fold between individuals.
18,21
 Other patient factors include gait 
mechanics, limb alignment, primary versus revision TKA, implant time in situ, co-
morbidities, cultural demands, and knee anthropometrics.
21,44
 Any patient factor that 
increases the magnitude of load applied to the implant will in general decrease the wear 
performance of that implant.
21
 
Implant factors include component design, component materials, the bearing 
couple, the sterilization process, and the fixation method.
18,21,23
 These factors relate to the 
Figure 1.2: A polyethylene tibial insert that has been retrieved from a 
patient during revision surgery, demonstrating severe wear. 
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generation of particulate debris in addition to wear performance.
18
 Component design 
factors are modularity, locking mechanism, thickness, constraint, and conformity.
18,21
 
Material options include conventional versus highly cross-linked polyethylene, as well as 
metallic and ceramic designs.
11,21
 The materials used are also important for the other 
components involved in the bearing couple, as polyethylene may be used in conjunction 
with metallic (cobalt-chromium or titanium) and ceramic components.
21,37
   
Surgical factors are also important for minimizing polyethylene wear.
18,23
 These 
include surgical approach, component position, restoration of the mechanical axis, 
implant stability, component fixation, soft-tissue laxity and constraint, subluxation, 
dislocation, and surgeon experience.
18,21,23
 It is imperative for the implant to be correctly 
aligned along the mechanical axis, as an improperly aligned implant may result in 
increased loading forces and early-onset polyethylene wear.
18,23
 Currently, computer-
assisted surgical methods are being developed in order to reliably achieve correct 
alignment.
21
 
1.1.3 Modes of Damage, Types of Wear, and Creep 
Although patient, implant, and surgical factors may influence the amount of wear 
that occurs in polyethylene tibial inserts, this wear always occurs due to well-defined 
mechanisms. Four distinct modes have been proposed to describe how surface damage 
and wear debris may be generated in an artificial joint due to mechanical action.
17,37
 They 
are: 
 Mode 1: Motion between the two primary bearing surfaces, as intended by the 
designers. 
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 Mode 2: A bearing surface rubbing against a second non-bearing surface. 
 Mode 3: The two primary surfaces articulating with an abrasive third body 
between them. 
 Mode 4: Two non-bearing surfaces rubbing against each other. 
Combinations of these modes may occur simultaneously, or individually.
37
 The 
worst-case scenario would be for modes 2-4 to occur simultaneously, resulting in rapid 
failure of the implant.
17
 Mode 1 is the most common wear mode for normally functioning 
TKAs, as this type of motion is necessary for the function of the joint.
17,37
 The remaining 
modes correspond to a malfunctioning implant.
17
   
The four modes create the environment for the fundamental mechanisms of wear 
to occur: adhesion, abrasion, and fatigue.
17,23
 These processes are responsible for both 
wear (removal of material) and damage (change in surface appearance).
17
 Although 
surface damage and wear are often found together in implants, removal of material may 
occur without any visible surface damage, or a great deal of damage may occur without 
any loss of material. Therefore, surface damage alone is not necessarily a good indicator 
for the amount of polyethylene wear that has occurred.
17
 
Adhesion (adhesive wear) occurs when two opposing surfaces come into contact 
and form a junction.
37
 If the adhesive force between the two surfaces is stronger than the 
intra-molecular forces within the material of the individual surfaces, the weaker of the 
materials may fragment and adhere to the stronger material.
37
 Junctions between 
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apposing surfaces can be minimized by selecting appropriate materials and lubricants, 
thereby minimizing adhesive wear.
17
   
Abrasion (abrasive wear) is caused by a hard material being in contact with a 
softer material.
37
 This abrasive wear may occur with two bodies (metal against 
polyethylene) or three bodies (extraneous material between the bearing surfaces).
23,37
 
Abrasion in TKA results in gouging of the polyethylene, producing wear debris.
37
 
Abrasive wear is minimized by manufacturing smooth, polished bearing surfaces and 
preventing the entrapment of third body particles.
17,23
 
Fatigue (delamination) occurs due to fluctuating stresses within the implant.
37
 The 
fluctuating stresses from repeated loading leads to subsurface failure of the polyethylene, 
eventually causing cracks to appear.
11,23,37
 Large particles of polyethylene debris can then 
be produced.
37
 Fatigue is minimized by using conforming implant designs that minimize 
contact stresses, and materials with high toughness and crack resistance.
11,17
   
In addition to wear and surface damage, creep must also be considered. Creep is 
time-dependent plastic deformation in response to a constant load.
37
 If creep is not taken 
under consideration during wear analysis, it can lead to a false wear measurement.
45
 
Typically, creep predominates in vivo for the first year of implantation before reaching a 
steady state, at which time further deformation is mostly caused by wear.
46
 
1.1.4 Osteolysis and Implant Failure 
When high volumes of polyethylene debris are generated due to wear, adverse 
tissue reactions can occur resulting in osteolysis (bone resorption).
11
 Osteolysis is a major 
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concern to surgeons performing TKA as it may lead to non-specific pain, loosening of the 
implant and its eventual failure.
11,18
 Osteolysis is a significant problem for certain TKA 
designs and has been identified as the leading cause of implant failure.
18,22,39,47-50
 The 
particulate debris that is created from polyethylene wear enters the surrounding joint 
space and stimulates a foreign-body cellular response.
18,51,52
 Although the exact immune 
system reaction leading to osteolysis is unknown, several immune processes have been 
identified as participating.
22
 Of these, the primary response is a non-specific chronic 
inflammatory reaction involving macrophages and fibroblasts.
11,22
 The macrophages 
release pro-inflammatory mediators, stimulating bone resorption by osteoclasts.
37
 The 
number of macrophages involved with the reaction can be directly correlated to the size, 
shape, volume, and number of particles.
11,22
 Particles of 0.1 to 10 m are the most 
biologically active as they are a size easily phagocytosed by macrophages.
22,37
 As some 
of the particles may be transported to lymph nodes, a dynamic equilibrium can be created 
between particle generation and clearance to the lymphatic system.
11
 When this 
equilibrium is upset due to an accumulation of particulate debris, the tissue reaction will 
occur.
11
  
 
1.2 In Vitro Measurement of Polyethylene Wear  
As the design and materials of implants used in TKA have been developed, it has 
been necessary to evaluate the wear properties of the implants. Initial in vitro wear 
assessments are performed using a mechanical wear simulator (Figure 1.3) that mimics 
the forces and motions of the knee joint.
23,53
 Wear simulator testing is standardized to 
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ensure the accuracy and comparability of the results.
53
 However, due to the wide range of 
potential conditions, forces, and motions that the joint may experience it is difficult for 
such testing to truly mimic in vivo conditions.
23
 Further economic and time constraints 
are also generally imposed on wear simulator testing.
53
 Therefore, evaluation of the 
clinical performance of the implant is necessary.
36
 Analysis of polyethylene tibial inserts 
retrieved from patients during revision surgery has provided many valuable insights into 
the occurrence of wear in vivo.
17
 Regardless of whether the implant undergoing analysis 
comes from a wear simulator or has been retrieved from a patient, numerous assessment 
techniques have been developed to quantify the amount of wear found on the insert. 
 
1.2.1 Gravimetric Analysis 
Gravimetric analysis continues to be the gold standard for assessment of 
polyethylene wear during wear simulator trials.
45
 In this method, the insert is weighed 
(Figure 1.4) before being placed in the wear simulator, and then again after undergoing a 
certain number of wear cycles.
54
 The difference between the two masses corresponds to 
the amount of polyethylene material lost due to wear. Gravimetric analysis is known to 
Figure 1.3: The AMTI six 
station mechanical knee wear 
simulator located at University 
Hospital, London Health 
Sciences Centre. 
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be highly precise and accurate, and is also advantageous as it directly measures material 
loss. Surface damage and creep can occur with polyethylene tibial inserts and may 
contribute to inaccurate wear measurements with other assessment methods, as these do 
not result in material loss. However, throughout the wear cycles in the simulator the tibial 
inserts will absorb the fluid used to lubricate the artificial joint.
54
 In testing of highly 
cross-linked polyethylene, the amount of absorbed fluid may be greater than the material 
lost.
54
 To compensate, a “load-soak” insert must be used.55 This insert is exposed to the 
forces of the wear simulator, but not the movement, thereby causing the same amount of 
fluid uptake without the loss of material. The mass increase experienced by the load-soak 
insert is then subtracted from the mass of the worn insert to compensate for the fluid 
uptake, allowing the true material loss to be determined. An additional limitation of 
gravimetric analysis is that it provides only a global accounting of material loss, without 
localizing the relative loss at various locations on the insert, such as the articular surface 
versus the backside surface.
45
  
 
Figure 1.4: A typical high-
precision scale used for 
gravimetric analysis. 
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1.2.2 Visual Inspection and Damage Scoring 
For tibial inserts retrieved from patients during revision surgery, visual inspection 
with damage scoring is a common method of wear assessment.
17,46
 The scoring system 
was first developed by Hood et al. and is considered semi-quantitative as it partially 
quantifies the area covered by each damage mode.
56,57
 In this method, various zones 
across the insert surface (Figure 1.5) are assigned a damage mode (e.g. delamination, 
pitting, abrasion, etc.), and the locations and extent of the damage are also 
determined.
17,46,56
 An overall damage score is then calculated. 
17,46,56
 Although this 
approach has been widely used, it is not without limitations.
17
 Damage scoring relies on 
observers’ interpretations of wear mechanisms and their extent, thus the approach is not 
entirely quantitative.
46,57
 In addition, a high damage score does not necessarily correlate 
with a high volume of wear.
17
 Much of the damage may be from plastic deformation or 
creep that results in little loss of material.
17,38
 
 
 
 
Figure 1.5: A retrieved tibial 
insert marked for damage 
scoring. Each section is then 
scored on the severity of 
various damage features, such 
as burnishing or scratching. 
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1.2.3 Digital Photogrammetry 
Digital photogrammetry has been used as a fast, straightforward and “off-the-
shelf” method for quantifying polyethylene wear in tibial inserts.38,57 A stereomicroscope 
is first used to delineate areas of wear on the articular surfaces, which are then outlined 
with a marker. A digital camera is used to take a photograph of the marked tibial insert 
along with two reference grids, which are used to quantify lens distortion and enable the 
accurate quantification of the worn areas. Manual or automatic image segmentation 
(using edge detection methods) can then be performed with commercially available 
software to trace the implant areas and quantify the worn surface area. Automatic 
segmentation has been found to be more accurate than manual segmentation, with 
maximum errors of 0.3-1.9% versus 0.9-3.8%, respectively.
57
 This corresponds to 6-46 
mm
2
 and is acceptable for retrieval analysis; however, the error is still relatively high for 
wear analysis and is a limitation of the technique. Additionally, digital photogrammetry is 
a two-dimensional technique and thus underestimates the actual worn area. However, the 
method requires no previous knowledge of the unworn component geometry and is much 
less expensive than other techniques, thus it can be useful for simple estimations of wear 
in retrieval studies.  
1.2.4 Coordinate Measuring Machines 
Coordinate measuring machines (CMMs) have recently become popular for both 
retrieval and wear simulator studies.
45,55,58-60
 In CMM, a mechanical probe is used to 
characterize the dimensions of the tibial insert by collecting data points along the insert 
surface in a grid pattern.
46,57,60
 The depth of the data points for the worn insert are 
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compared to corresponding points on an unworn reference insert, with the difference 
between the two taken as deformation due to wear.
46,60
 In wear simulator studies, each 
insert is usually mapped before undergoing simulator testing and thus serves as its own 
unworn reference geometry.
45,60
 For retrieval studies, however, the unworn geometry of 
the implant is unknown, thus a different, non-implanted insert or an unworn section of the 
retrieved insert are used to provide the reference dimensions.
45,46
 
The primary advantage of CMM is that it directly quantifies and localizes surface 
deviations due to wear.
45,46
 Gravimetric analysis provides only a global accounting of 
material loss, and while visual inspection localizes wear, it cannot quantify it.
45,46
 When 
compared to other techniques such as gravimetric analysis, visual inspection, and digital 
photogrammetry, CMM is time-consuming and requires more highly specialized 
equipment.
57,60
 CMM has been shown to provide highly accurate measurements, to 
within 1-7 µm.
45,46,59,61
 However, these measurements are taken within grids with spacing 
of 500-5000 µm, thus the linear resolution of CMM is much lower than its probe 
accuracy.
46,59,61
 Scratches due to third body wear, which may be only 200 µm wide, are 
therefore unlikely to be fully detectable by CMM.
61
 Third body abrasion is believed by 
some researchers to be the principal mode of polyethylene implant wear, with scratches 
of only 1-2 µm resulting in a 7 to 15-fold increase in wear.
23,61-63
 An additional 
significant source of wear in tibial inserts is the backside surface.
18,41-43,64
 CMM can only 
measure backside wear indirectly through the use of additional gravimetric measurements 
or by stitching together multiple surface acquisitions, which reduces accuracy.
58
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1.2.5 Laser Scanning 
Polyethylene wear analysis using laser scanning and laser micrometry was 
developed to enable the quantification of small, localized wear features. Laser scanning 
has been used with polyethylene acetabular liners, metallic femoral heads, and the 
backside of polyethylene tibial inserts.
61,64,65
 In laser micrometry, the object is held fixed 
in front of the laser for scanning, and must be rotated for each additional scan until the 
entire surface is obtained. The laser can only scan positive surface features, thus concave 
features such as the articular surface of an acetabular cup or certain features of tibial 
inserts (including complex locking mechanisms) cannot be directly scanned. To 
compensate, a cast of the object must be created in order to turn negative features into 
positive features. Once the appropriate geometry is obtained, the worn acetabular cup (or 
tibial insert) is co-registered with an unworn version of itself, creating a wear map of the 
various features. Although this method can be highly accurate (up to 0.5 µm), other 
scanners may only achieve in-plane resolutions of 250 µm.
61,65
 In addition, laser 
micrometry scans require a large amount of equipment, need extensive labour, and result 
in the destruction of the liners or inserts. Finally, the inability of the laser to penetrate 
recesses in objects may make it inappropriate for wear analysis of complex geometries. 
 
Figure 1.6: A handheld laser scanner 
attached to a precision arm and laptop 
computer. Courtesy Paul Brophy of 
Pivot Solutions Inc. 
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In handheld laser scanning (Figure 1.6), as opposed to laser micrometry, the 
scanner can does not require a cast of the material. Somewhat similar to CMM, the object 
is fixed in a jig and the scanner is moved across its surface. In certain cases, the object 
has to be flipped and scanned in a different direction, requiring a “stitching” of multiple 
scans. Disadvantages of this technique are that any reflective object first requires a spray 
coating to increase the surface opacity (so that the laser does not pass into the object), and 
that very small features (e.g. scratches in the case of polyethylene wear) can not be 
obtained within the resolution of a standard handheld laser scanner. However, laser 
scanning has significant advantages for certain applications, such as acquiring the 
geometries of large objects (that might not fit within a micro-CT scanner) or metal 
components (which may cause artifacts within CT images, thereby distorting the resulting 
surface geometry). 
 
1.3 In Vivo Measurement of Polyethylene Wear 
The ability to measure polyethylene wear as it is occurring in vivo is an important 
goal for the clinical wellbeing of the patient and for research into implant design. Due to 
the relatively straightforward geometry of the hip joint, a number of radiographic 
techniques have been developed and adopted for measuring wear in THA.
66
 Measurement 
of wear in TKA is not as straightforward, however, and no satisfactory method currently 
exists.
67
 Nevertheless, a number of measurement techniques used to study in vivo wear of 
THA (based on x-ray radiography) have also been attempted with TKA.  
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1.3.1 Radiography 
The simplest method of TKA wear measurement in vivo is the plain film x-ray, 
usually taken in the anterior-posterior direction.
68
 Care must be taken to ensure the 
acquisition is performed perpendicular to the knee joint so as not to erroneously change 
the gap between the femoral and tibial components.
68
 As the tibial insert is not usually 
visible on the radiograph, wear is assessed by measuring the distance between the metal 
femoral and tibial components on both the medial and lateral sides of the joint. As the 
thickness of the tibial insert at time of implantation is known, any difference between the 
original thickness and the measured thickness can be considered a loss of material due to 
wear. This procedure is similar to the examination of joint space narrowing that the 
surgeon will perform prior to arthroplasty in order to assess the severity of the joint’s 
deterioration. Although this radiographic method has been used for some studies of 
polyethylene wear, it is insensitive to smaller changes due to wear and is therefore only 
useful to monitor for severe degradation of the implant.
67-70
 Radiographs can also be 
useful to assess changes secondary to polyethylene wear, such as osteolysis.
71
  
1.3.2 Radiostereometric Analysis 
 Radiostereometric Analysis (RSA) is a biplane x-ray technique (Figure 1.7) that 
tracks micromotion in joints based on implanted marker beads or models of the implant 
components.
66
 RSA has become the gold standard approach to measure wear in THA, 
with an accuracy of 20-450 µm in a laboratory environment, with a slightly worse 
accuracy clinically.
72
 Recently, model-based RSA that takes advantage of shape-
matching techniques rather than marker beads has been developed, with a similar 
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accuracy to the original marker-based RSA.
72
 A handful of studies have been published 
detailing the use of RSA to measure wear in both TKA and UKA.
67,69,70,73-75
 The earlier 
studies examined knee phantoms or patients at full knee extension (i.e. statically) and 
measured the linear penetration of the femoral and polyethylene components to estimate 
wear.
67,70,75
 This method unfortunately does not take into account any localized areas of 
deep penetration or other areas of wear that might occur elsewhere in the flexion cycle.
67
 
More recent studies have obtained images at sequential angles of flexion (i.e. quasti-
statically), summing the individual penetration measurements to obtain a wear 
volume.
69,73,76
 However, questions remain regarding the validity of this approach and its 
broader applicability to the many geometrically complex implant designs that are 
currently available. 
 
 
Figure 1.7: The RSA Imaging Suite located in the Robarts Research 
Institute. 
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1.4 Description of Imaging Modalities for In Vitro and In 
Vivo Measurement of Polyethylene Wear 
X-ray imaging techniques have been applied to the musculoskeletal system since 
Wilhelm Roentgen took the first x-ray of his wife’s hand in 1895. To solve issues 
surrounding the measurement of wear of polyethylene components in TKA, two imaging 
systems are particularly relevant: micro-computed tomography for in vitro measurements 
of wear, and single-plane dynamic radiography for in vivo measurements of wear. 
1.4.1 Micro-Computed Tomography 
Micro-computed tomography (micro-CT) operates similar to a clinical CT 
scanner but provides much greater image resolution, obtaining voxel sizes of less than 
100 µm.
77
 A CT scanner (Figure 1.8) acquires hundreds of 2D x-ray projections at 
multiple angles around an object that are then reconstructed into a complete 3D 
image.
77,78
 For many micro-CT scanners, the x-ray source produces a cone-shaped beam 
that passes through the objected and is projected onto a 2D detector.
77
 The beam is 
attenuated as it passes through the object; the extent of the attenuation is based on the 
object’s radiographic density.77 The resulting micro-CT scan is thus a 3D matrix of 
voxels, with each voxel containing a value (CT number) proportional to the mean linear 
attenuation coefficient of the material within that voxel.
77
 Each CT number is normalized 
to the attenuation coefficient of water and expressed as a Hounsfield unit (HU).
77
 
Typically, air is given a value of –1000 HU, water is 0 HU, and bone is above 1000 
HU.
77
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A number of parameters can be modified for each scanner and scan in order to 
achieve optimal results. These parameters include spatial and temporal resolution, field of 
view, scan time, and noise.
77
 Unfortunately, there is no single micro-CT scanner 
optimized for all imaging qualities.
77
 Scanners may have one of two configurations, 
rotating gantry or rotating sample. The rotating gantry design is the most common and is 
primarily used for in vivo imaging (i.e. of small animals). This type of micro-CT is a 
scaled version of a clinical CT scanner in which the x-ray tube and detector are mounted 
on a gantry that rotates around a stationary table holding the scanned object.
77
 
 
Rotating gantry micro-CT scanners generally use micro-focus x-ray tubes with a 
focal spot of 5-50 µm, enabling high resolution imaging.
77
 The detector is also important 
for obtaining high-resolution images. A good detector has a linear, uniform response 
across scanning energies, no geometric distortion, and is consistent throughout scans.
77
 
The detector area must be large enough to cover the entire object.
77
  
The overall image quality obtained through the x-ray tube – detector match is 
defined in terms of spatial and contrast resolution. Spatial resolution is the smallest 
Figure 1.8: The GE eXplore Vision 120 
micro-CT scanner, located in the 
Preclinical Imaging Research Centre at 
Robarts Research Institute. 
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distance between two structures that can be distinguished. Typically, a high spatial 
resolution also requires long scan times and an increased x-ray dose, and thus may be 
sacrificed for fast scan times and low doses.
77
 Contrast resolution is the ability to resolve 
small differences between structures by the difference in their contrast. This is dependent 
on the attenuation of the x-rays and the linear attenuation coefficient of the scanned 
material. Contrast resolution is often sacrificed for higher spatial resolution when 
scanning high contrast structures, such as calcified bone.
77
  
After scanning, the hundreds of individual 2D projections must be reconstructed 
into a 3D image. Most micro-CT reconstruction is done using filtered back projection, in 
which the 2D projections are filtered with a convolution kernel to reduce blurring and are 
then back projected through the sample space to produce the image.
77
 This convolution 
back projection was developed by Feldkamp et al. to compensate for the cone-beam 
geometry of micro-CT scanners.
77,79
 
The high-resolution geometry provided by micro-CT would be ideal for the 
evaluation of polyethylene wear in tibial inserts during wear simulator trials or retrieval 
studies. A wear analysis method using micro-CT would provide volumetric information 
as in gravimetric analysis, and quantify surface deviations, as in CMM. 
1.4.2 Single-Plane Radiography 
Measurement of dynamic motion, such as movement of the knee joint, requires a 
digital radiography system capable of real-time image acquisition. Such systems have 
been widely utilized to study patient joint kinematics after a surgical intervention. The 
most accurate of these measurements are obtained through biplane radiography systems, 
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in which the knee joint is imaged from two separate, intersecting angles.
80,81
 This 
configuration utilizes the principles of RSA to track the motion of the bone segments, 
using either implanted marker beads or the known geometry of implanted metal 
components (e.g. the CAD model of a TKA). 
In marker-based techniques, at least three but typically six to nine markers are 
implanted into the bone (Figure 1.9) to enable localization in 3D space. Markers are 
typically made from Tantalum, due to its high biocompatibility and radio-opacity, and are 
normally 0.8 to 1.0 mm in diameter. When imaged simultaneously from stereographic x-
ray sources, the markers produce a 3D spatial model, calculated through the intersection 
of the rays cast between the foci of the x-ray system and the image of the markers in the 
x-ray projections. Calibration of the system using a calibration cage is required to 
determine the projective parameters of the x-ray system. Across successive projections in 
a dynamic radiography system, the motion of the joint can be determined from a rigid 
point-based registration of the spatial model acquired at each frame. Motion is typically 
described as the relative translation and rotation between two segments, e.g. between the 
femur and tibia. The accuracy of this method has been reported as 0.08 mm to 0.2 mm for 
translations, and 0.3º to 1.6º for rotations.
80
 
 
Figure 1.9: Beads (arrows) 
implanted in a patient’s femur 
and tibia surrounding a total 
knee replacement implant, as 
part of an RSA examination. 
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There are disadvantages to using a biplane radiography system, however. It may 
be difficult to configure this active field of view (i.e. the intersection of the two systems) 
to adequately include the moving knee joint.
82
 In addition, such a setup typically requires 
a dedicated research facility, with an associated high cost.
80,81,83
 For these reasons, 
dynamic studies of the knee joint using biplane radiography systems are typically 
unavailable for most research institutions and hospitals. In contrast, single-plane 
radiography systems (Figure 1.10) are more widely available within clinics and research 
institutions, and have an increased working space in comparison to biplane 
configurations. The primary limitation of single-plane systems is their decreased 
accuracy in measuring out-of-plane (i.e. perpendicular to the image plane) translations.
84-
86
 As only a single perspective view is used for localization, depth information (i.e. out-
of-plane translations) is derived from the geometric magnification within the perspective 
image, which has a lower sensitivity to changes in relative position. Despite this 
limitation, several techniques have been developed to measure joint kinematics using 
single-perspective radiograph.
84-88
  
 
Figure 1.10: The GE Innova 4100 
digital flat panel radiography system 
located at University Hospital, London 
Health Sciences Centre. 
 
  
25 
Marker-based single-plane radiographic measurements are also based on the 
principles of RSA. Since the single perspective projections do not enable the production 
of a 3D spatial model as in biplane systems, the 3D geometry of the markers must be 
known before images are acquired. This 3D geometry can be acquired from a standard 
biplane RSA examination or a CT scan. The 3D pose of the joint in each projection is 
then determined through a 2D to 3D registration between the known 3D geometry of the 
markers and the marker images in the 2D x-ray projections. Motion of the joint can then 
be determined as in the biplane system, by calculating the relative motion of the markers 
between projections. With single-plane systems the accuracy of measuring translations 
has been reported as 0.1 mm to 1 mm in-plane, and 0.7 mm to 2.1 mm out-of-plane, with 
rotational accuracy of 0.3º to 1.7º about all axes.
85,86,88,89
 
A hospital single-plane radiography system has been adapted for use in measuring 
knee joint kinematics. This single-plane radiography system, when combined with a 
priori models of anatomy from a patient CT scan and models of the implant components 
from micro-CT, should be capable of measuring in vivo TKA joint kinematics and 
polyethylene wear.  
 
1.5 Thesis Objectives and Hypotheses 
The overall goal of this thesis is to develop and validate techniques to measure 
wear in TKA components using radiographic measurements. These techniques can be 
divided into in vitro measurements, for components that have been retrieved from 
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patients during revision surgery or that have undergone wear simulator testing, and in 
vivo measurements, for which wear of the implant is measured while it is still functioning 
within an actual patient. The specific objectives of the research were: 
1. To develop a micro-CT technique for measuring wear of TKA 
components in vitro, including total component volume and surface 
deviation maps. We hypothesized that micro-CT would provide 
volumetric measurements equal to those of gravimetric analysis. 
2. To determine the best approach for measurement of wear in retrieved 
components, which require an unworn “reference geometry” of the 
retrieved component’s pre-implantation state. We hypothesized that a 
geometry derived from micro-CT scanning and averaging multiple new 
specimens would be superior to alternative methods. 
3. To apply these developed micro-CT techniques to a study of wear in TKA 
components of a contemporary design that have been retrieved from 
patients during revision surgery. We hypothesized that using the micro-CT 
scanned and averaged reference geometry would most enable 
measurements of damage features on the retrieved components. 
4. To develop a single-plane radiography technique for measuring wear of 
TKA components in vivo, validated using a robotic phantom implanted 
with components that have pre-determined wear volumes measured using 
the previously developed micro-CT techniques. We hypothesized that the 
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dynamic single-plane radiography technique would provide accurate 
measurements of wear volumes in the robotic phantom. 
 
1.6 Thesis Organization 
Chapter two describes the methodology for the primary goal of in vitro wear 
quantification, wherein a technique is developed and validated for quantifying volumetric 
wear of tibial inserts while simultaneously providing the necessary geometry to create 
surface deviation maps to focally locate and quantify wear on the articular and backside 
surfaces of the tibial inserts. Chapter three describes the evaluation of different unworn 
reference geometries for use in calculating polyethylene wear in retrieved tibial inserts, 
then uses these methods to measure wear in a retrieval study. Chapter four describes the 
development of an in vivo dynamic wear measurement technique using a single-plane 
radiography system. Finally, the thesis is concluded in Chapter five with a summary of 
the major results of these projects and a discussion of potential areas for future work. 
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Chapter 2  
 
In Vitro Quantification of Wear in Tibial Inserts 
Using Micro-Computed Tomography 
 
2.1 Introduction 
Damage assessment is key for studying polyethylene wear in TKA.
1
 Methods 
currently used include gravimetric analysis, scanning electron microscopy, 
stereomicroscopy, and coordinate measuring machines (CMM).
2-7
 Although these 
techniques have enabled valuable insights into polyethylene wear, limitations remain. 
While gravimetric measures are considered the gold standard for wear assessment,
8
 
CMM requires additional gravimetric measurements to quantify backside wear,
7
 a major 
contributor to polyethylene wear in TKA.
5,9
 CMM measurements (obtained by probing 
equally spaced discrete points within a grid) provide excellent depth sensitivity but assess 
the surface at resolutions of only 500 to 750 µm.
6,7
 Other techniques such as scanning 
electron microscopy and stereomicroscopy characterize surface wear through visual 
inspection but do not provide quantitative data.
6
 
Micro-computed tomography (micro-CT) allows tissues, objects, and small 
animals to be scanned at resolutions of 10 to 100 µm.
10,11
 Recently, micro-CT was 
validated for use in the volumetric measurement of wear in retrieved PE acetabular liners 
from THA by Bowden et al.
12
 Limitations of that technique included low spatial 
  
38 
resolution and limiting assumptions regarding the surface shape of the liners. 
Additionally, the manual technique used for registration of the acetabular liner images led 
to consequent uncertainty in the repeatability of the results. Should these limitations be 
overcome, micro-CT as a noncontact, nondestructive imaging technique could potentially 
quantify both volumetric polyethylene wear and three-dimensional surface deviation. 
To determine the suitability of micro-CT for wear analysis of tibial inserts from a 
wear simulator study we determined (1) the accuracy of micro-CT volume measurements 
against gravimetric analysis; (2) the precision of the micro-CT volume measurements; 
and (3) the feasibility of constructing quantifiable three-dimensional surface deviation 
maps using the micro-CT-derived insert surface geometry. 
 
2.2 Methods 
As a pilot study, the number of included inserts was limited to a sample of 
convenience. Six worn and six unworn inserts that were available from a previous wear 
simulator trial undertaken at our institution were selected. Both worn and unworn inserts 
were included to ensure that the wear damage scars would be visualized by micro-CT, 
and to allow the creation of a surface deviation map. To assess the first objective 
(accuracy), the difference between the volumes determined by micro-CT and gold 
standard gravimetric analysis was determined. To assess the second objective (precision), 
the variability in the calculated volumes from multiple scans of the same insert was 
calculated. To assess the third objective (feasibility of deviation map creation), the 
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surface geometry of a worn insert was co-aligned with an unworn reference geometry, 
and the calculated deviations were compared with those observed visually. 
All 12 inserts were the Anatomic Modular Knee (DePuy, Warsaw, IN). The six 
worn inserts underwent 5.5 million cycles at a frequency of 1 Hz in a six-station knee 
simulator (Model KS3-6-1000; AMTI, Watertown, MA) with applied load and motion. 
All were the cruciate-retaining model of 10 mm thickness and were sterilized using gas 
plasma, causing no crosslinking. The physiological load, flexion-extension motion, and 
AP translation waveforms used in the wear simulation were taken from the recommended 
ISO-14243-3 kinematics.
13
  
 
A dedicated laboratory micro-CT scanner was used for this study (eXplore 
Vision 120; GE Healthcare, London, Ontario, Canada). Each insert was scanned three 
times and was removed and repositioned in the scanner bed between each scan to 
determine the precision of the scanner. The inserts were placed in the bed inside a 
Figure 2.1: Photograph of inserts held in foam on the bed of the 
scanner (A) and a rendered image of the insert in the bed at a double-
oblique angle of approximately 10 degrees backward vertically and 3 
degrees laterally (B). The foam that held the inserts is radiotranslucent 
and does not appear in the reconstructed scan images. 
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radiotranslucent polystyrene foam holder at a double-oblique angle of approximately 10 
backward vertically and 3 laterally (Figure 2.1). In preliminary work we determined the 
inserts were susceptible to artifact when positioned coplanar to the transverse CT 
reconstruction plane; this small angulation eliminated the problem. Inserts were scanned 
at 50 µm resolution over 1200 views in 0.3 increments with 10 frames averaged per 
view. The x-ray tube voltage was set to 90 kVp with a current of 40 mA. Scan times were 
approximately 95 minutes. For each scan, the region including the insert was 
reconstructed at the full 50 µm isotropic resolution. 
The reconstructed scan images of the inserts were analyzed with dedicated three-
dimensional micro-CT analysis software (MicroView v2.2; GE Healthcare). A region-
growing algorithm was then applied to the area of the insert. The insert geometry was 
converted to a temporary region of interest (ROI), and everything outside of the ROI was 
set to a background value of -1000 Hounsfield units (HU). A new ROI encompassing the 
entire volume was then selected, and isosurface rendering was performed with a 
threshold of -664 HU using the highest possible quality and without decimation. The 
threshold of -664 HU was selected based on examination of the intensity histograms from 
a selection of the reconstructed scans as described by Otsu et al.
14
 for which the 
autothreshold level ranged from approximately -674 to -648 HU. This threshold may vary 
depending on the type and manufacturer of the polyethylene. The three-dimensional 
rendered insert volume (mm
3
) was recorded, and the surface was visually inspected for 
quality. The unworn surface was inspected for consistency and for the presence of the 
manufacturer’s markings (Figure 2.2), while the worn surface was also inspected for the 
presence of damage scars from the wear testing (Figure 2.3). 
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Gravimetric analysis was performed for all inserts with each insert weighed three 
times on a high-precision scale (AX205; Mettler-Toledo GmbH, Greifensee, 
Switzerland). The scale was certified accurate to 0.1 mg and was calibrated before use. 
Figure 2.3: Rendered volume images of a worn tibial insert scanned with micro-CT. 
Worn areas are clearly visible on the bearing surfaces in both A (marked with arrows) and 
B. 
Figure 2.2: 3D rendered volume images of an unworn tibial insert scanned with micro-CT, 
including the bearing surface (A) and backside (B). Note the “#3” and “10MM” embossed 
by the manufacturer in A (arrows). 
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The gravimetric mass was converted to volume for each insert by dividing the mass in 
grams by the known density of the insert (0.935 mg/mm
3
). To determine the feasibility of 
creating surface deviation maps from the micro-CT images, the surface volumes of one 
unworn and one worn insert were imported into Geomagic Qualify (Geomagic Inc, 
Research Triangle Park, NC). Qualify is a commercial software package that allows 
quantitative comparisons between three-dimensional models. The unworn insert was set 
as the reference object with the worn insert as the test object. An iterative best-fit 
alignment was performed using the standard Qualify co-alignment method, in which 300 
random points on the test object (worn insert) were aligned and realigned to the reference 
object (unworn insert). A second best-fit alignment using 1500 random points was then 
performed using fine adjustments only. Finally, a three-dimensional comparison was then 
performed to determine the deviation between the two co-aligned insert surfaces. 
Mean insert volume across the three scans of each insert was calculated along 
with SD. These values were also calculated using the volumes determined through 
gravimetric analysis. The volume data were first examined for normal distribution using 
the Kolmogorov-Smirnov test. To determine the accuracy of the micro-CT technique we 
calculated the absolute and percent differences between the micro-CT and gravimetric 
volumes for the worn and unworn groups and compared volumes for the two methods 
using paired t tests. The between-scan coefficient of variation (COV) was used as a 
measure of scanner precision (second objective). The COV was determined for each 
insert by dividing the SD by the mean volume.  
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2.3 Results 
The volumes determined from micro-CT were accurate compared to the volume 
measurements from the gravimetric analysis. The mean volume of the six unworn inserts 
was measured by micro-CT as 20,588 ± 70 mm
3
 and by gravimetric analysis as 
20,579 ± 63 mm
3
 (Figure 2.4A). The mean difference between the two measurement 
techniques was 9.2 mm
3
 for an unworn group accuracy of 0.04%. We observed no 
differences (p = 0.24) between the gravimetric and micro-CT volumes. The mean volume 
of the six worn inserts was measured by micro-CT as 20,491 ± 99 mm
3
 and by 
gravimetric analysis as 20,484 ± 100 mm
3
 (Figure 2.4B). The mean difference between 
the two measurements for the worn inserts was 6.2 mm
3
 for a worn group accuracy of 
0.03%. Again, no substantial differences (p = 0.13) were found between the two.  
The micro-CT measurements were precise with low COV. The mean volume SD 
between scans was 15.2 mm
3
 for the unworn inserts with a range of 2.0 to 22.4 mm
3
. The 
mean between-scan COV for these inserts was 0.07% and ranged from 0.01% to 0.11%. 
For the worn inserts, the mean volume SD between scans was 13.8 mm
3
 with a range of 
2.6 to 28.8 mm
3
. The mean worn insert between-scan COV was also 0.07% with a range 
of 0.01% to 0.14%. Therefore, the overall scanner precision was 0.07%. 
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A surface deviation map for one of the worn inserts was readily obtained from the 
highly detailed three-dimensional renderings of the insert surfaces. All geometric features 
of the inserts, including the articular and backside surfaces, were reproduced. The small 
lettering embossed by the manufacturer to label the size and thickness of the insert was 
clearly visible in the reconstructed surfaces (Figure 2.2A) as were labels engraved during 
the wear simulator study (to track where each insert was placed within the simulator 
itself). The three-dimensional comparison revealed a maximum negative deviation of 
0.696 mm (Figure 2.5). Focal regions of deviations were observed on the articular 
surface, where the negative deviations ranged from 0.075 mm to the maximum negative 
deviation of 0.696 mm (Figure 2.5A). Backside deviations were also observed with 
negative deviations of 0.075 to 0.345 mm (Figure 2.5B). Regions of wear on the worn 
inserts were visible in both the micro-CT-rendered images (Figure 2.3A) and surface 
Figure 2.4: Mean volume of the six unworn inserts (UA through UF) as measured by 
gravimetric analysis and micro-CT (A) and mean volume of the six worn inserts (WA 
through WF) as measured by gravimetric analysis and micro-CT (B). Bars are standard 
deviation. 
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deviation maps (Figure 2.5). The regions corresponded well with wear on the actual 
insert (as observed through visual inspection).  
 
 
 
2.4 Discussion 
Numerous techniques have been developed to assess polyethylene wear in TKA 
during simulator trials and retrieval studies,
2-7
 but these are associated with certain 
limitations. Recently, the use of micro-CT imaging has become widespread,
10,11
 including 
for wear assessment in retrieved polyethylene liners.
12,15
 We sought to validate the use of 
micro-CT for polyethylene wear assessment in tibial inserts. Our specific objectives were 
to determine (1) the accuracy of micro-CT volume measurements against gravimetric 
analysis; (2) the precision of the micro-CT volume measurements; and (3) the feasibility 
Figure 2.5: Surface deviation map for one of the six worn inserts versus an unworn insert, 
for the bearing surfaces (A) and backside (B). Measured deviations are in mm. 
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of constructing quantifiable three-dimensional surface deviation maps using the micro-
CT-derived insert surface geometry. 
We acknowledge certain limitations of our study.  First, examining the same 
group of inserts before and after a wear simulator trial could potentially have enhanced 
the validation of the micro-CT technique. However, the primary aim of this study was to 
determine the precision and accuracy of polyethylene tibial insert volumetric 
measurements by micro-CT, not to directly measure the actual wear volume that occurred 
during wear simulation. Post-test tibial inserts have been used to validate the CMM 
technique in the literature.
8
 Likewise, the three-dimensional deviation map in this study 
was constructed to determine the feasibility of its construction rather than obtain highly 
accurate wear measurements. For actual wear analysis using the three-dimensional 
deviation map, the worn insert should be compared with its pre-worn self, rather than a 
different unworn insert, to minimize any potential errors resulting from manufacturing 
variability of the inserts. Second, we assumed the true insert volumes were the volumes 
obtained through gravimetric analysis. The accuracy of this assumption is limited by the 
calibration of the scale and the density used to convert the insert mass to volume; 
however, gravimetric analysis is widely recognized for its superior precision and 
accuracy.
8
 Third, micro-CT parameters such as voxel spacing must be calibrated and 
assessed for accuracy. In the case of this study, we observed excellent agreement between 
the gravimetric and micro-CT volumes, suggesting that the 50 µm voxel spacing used 
here was appropriate. Our voxel spacing was three times better than a micro-CT study of 
retrieved acetabular liners by Bowden et al. (50 vs. 150 µm).
12
 If a consistent discrepancy 
was apparent between the two volumes, then the system can be recalibrated to bring the 
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volumes into agreement (using isotropic scaling factors) and still retain the value of the 
micro-CT-derived surface geometry.  
Micro-CT was accurate with no difference in volumetric measurements versus 
gravimetric analysis. Bowden et al.
12
 also found micro-CT volume measurements (of 
retrieved acetabular liners) to be accurate against gravimetric analysis. We improved on 
their methods by automating the volumetric rendering, removing the observer variability 
that has been reported as high as 53%.
12
 One advantage of micro-CT over gravimetric 
analysis is the generation of quantifiable three-dimensional surface deviation maps in 
addition to highly accurate volumetric measurements. Another advantage is that load-
soaked controls (used by gravimetric analysis in wear simulator trials) may not be 
necessary for micro-CT. Fluid absorbed during the trials enters the free volume within the 
non-crosslinked PE and thus alters the density but not the surface geometry.
6
 Similarly, 
CMM is reportedly accurate against gravimetric analysis and does not require load-
soaked controls.
6
 However, CMM may not directly quantify backside wear and has a 
lower surface sampling resolution than micro-CT.
6,7
  
Micro-CT was also precise with a mean between-scan volume variation of 0.07%, 
or approximately 15 mm
3
. Both scanner noise and repositioning of the inserts between 
scans contributed to this variation. Performing the scans at a greater resolution without 
repositioning would likely increase precision, and averaging insert surfaces across 
multiple scans will ensure the highest possible accuracy. The variation is still less than 
the volume of wear obtained in wear simulator studies, reported as 32 mm
3
 and 161 mm
3
 
over seven million cycles for highly crosslinked polyethylene and ultrahigh-molecular-
weight polyethylene, respectively.
7
 Wear volumes in inserts retrieved from patients after 
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years in situ may be even higher, at 85 mm
3
 per year.
16
 The repeatability of micro-CT 
volume measurements exceeds fluid displacement (less than 10%)
12
 and may exceed the 
precision of certain CMM techniques (0.8%)
17
 but remains lower than gravimetric 
analysis.
8
 Fortunately, the nondestructive micro-CT analysis is easily combined with 
gravimetric analysis, retaining the advantages of both techniques. 
Creation of surface deviation maps is feasible using the detailed three-
dimensional renderings of the insert surface provided by micro-CT. All of the insert 
features in the reconstructed images corresponded to the actual insert surface. Surface 
deviation maps have also been successfully constructed using CMM.
6,8
 However, micro-
CT provides surface sampling resolution 10 to 15 times greater than tibial insert 
geometries obtained with CMM (50 versus 500-750 µm).
6,7
 This order of magnitude 
increase in linear sampling density results in over 100 times as many samples over the 
surface area of the insert when compared with CMM. Deviation maps are the primary 
advantage of micro-CT, because they will allow quantification of focal surface deviation 
caused by various wear modes rather than providing a global estimate of wear. These 
deviation maps have immediate application in wear simulator and retrieval studies for all 
types of polyethylene-based joint arthroplasty.
15
 Additional applications of the geometry 
include reverse engineering of insert surfaces for comparison to manufacturer’s CAD 
drawings or to generate CAD models and other reference geometries where they were 
previously unavailable. These geometries could also be used in finite element analysis 
and computer simulations of wear.
18,19
 In the longer term, it may be possible to combine 
insert geometry derived from micro-CT with patient imaging techniques such as CT or 
radiostereometric analysis to more accurately measure polyethylene wear in vivo. 
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Determination of the linear precision of the micro-CT technique and the effects of creep 
on the deviation maps is required and are currently being investigated.  
The micro-CT wear measurement technique described in this study has the 
potential to be used for both wear simulator and retrieval studies. Micro-CT provides 
highly detailed three-dimensional surface geometry of the entire tibial insert capable of 
generating quantifiable surface deviation maps in addition to precise and accurate 
volumetric measurements. This micro-CT technique combines the benefits of gravimetric 
analysis (volume measurements) with CMM (localized surface assessment) to quantify 
wear across all surfaces of polyethylene components with a single tool. When applied to 
wear simulator and retrieval studies, these measurements can be used to evaluate and 
predict the wear properties of the components.   
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Chapter 3  
 
Optimization and Application of Reference 
Geometries for Measuring Wear in Retrieval 
Studies of Polyethylene Tibial Inserts 
 
3.1 Introduction 
Wear of polyethylene tibial inserts is a significant detriment to the longevity of 
total knee arthroplasty.
1
 Numerous designs and materials for total knee replacement 
components have been studied in order to minimize wear and its effects, which include 
aseptic loosening and osteolysis.
1-3
 Wear can be studied and analyzed in tibial inserts that 
have undergone wear simulator testing, or in inserts that have been retrieved from 
patients undergoing revision knee arthroplasty due to failure of the original implant.
4-8
   
The tools used for wear analysis of the polyethylene components in total joint 
replacements can include geometry-based techniques such as coordinate mapping 
machines (CMM), optical laser scanning and, more recently, micro-computed 
tomography (micro-CT).
5,9-12
 These techniques require an unworn reference geometry 
against which the worn geometry can be compared, so that surface deviations (due to 
wear and creep) can be quantified.
5,11
 In wear simulator studies, the tibial insert geometry 
is obtained before being loaded so that a perfect representation of its unworn self is 
available.
5,9
 However, for tibial inserts retrieved from patients undergoing revision knee 
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arthroplasty, the unworn geometry is generally unknown.
11
 As there may be significant 
variability in the geometry of new, unworn inserts due to the manufacturing process, 
comparing a worn, retrieved insert to a single, separate unworn insert may over- or 
underestimate the amount of wear that has occurred.
11
 In some cases the unworn regions 
of a retrieved insert can be used to estimate the original, unworn insert surface geometry, 
but this may be difficult to impossible, depending on the complexity of the insert 
design.
11
 We propose two new possible solutions for creating a reference unworn 
geometry for use in measuring wear in retrieval studies. 
3.1.1 Construction of Reference Geometries from Averaged Inserts 
We propose a reverse-engineering method whereby multiple (two to six) unworn 
inserts are used to construct an averaged, idealized unworn insert reference geometry. In 
this method, the unworn inserts are scanned with micro-CT, and the scans are 
reconstructed and processed to obtain surface meshes. The surfaces of the inserts are then 
co-aligned and averaged to create the reference geometry. Surface deviations due to 
manufacturing variability would therefore be minimized in this idealized unworn insert. 
We hypothesize that this method will reduce the between-insert surface variability to a 
level significantly below the amount of surface deviation caused by wear and the 
manufacturing process, and thus will be suitable for determination of the unworn insert 
reference geometry. The purpose of this study was to characterize the variability due to 
the manufacturing process, and to determine the suitability of averaging scanned insert 
geometries to construct an accurate reference geometry. 
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3.1.2 Construction of Reference Geometries from CAD Models 
The proposal to average the geometries of multiple tibial inserts to create a new 
geometry with minimal manufacturing-derived deviation can be expensive should 
multiple tibial insert geometries (of varying sizes and thicknesses) be required. The 
computer-aided design (CAD) models created for the design and manufacture of 
polyethylene tibial inserts are a representation of the unworn insert that might be suitable 
for use as a reference geometry. We sought to determine: (1) what geometric deviations 
exist between manufactured tibial inserts and their original CAD models; (2) whether 
isotropic scaling factors can be applied to the CAD model to minimize any observed 
deviations; and (3) how these deviations compare to the baseline deviations between 
inserts (due to the manufacturing process), and to the deviations observed when using an 
alternative reference geometry (derived from averaging geometric data from multiple 
unworn inserts). 
3.1.3 Assessment of Reference Geometries in a Retrieval Study 
For studies of components retrieved from patients during revision surgery, the 
implant will not have been scanned before its implantation into the patient, so its original 
“unworn” state must be estimated in some other way. Potential reference geometries 
include the manufacturer’s CAD model of the implant, or a reverse engineered model 
from scanning a single new implant, or scanning multiple new implants and averaging 
their geometries in order to account for manufacturing variability.
16,39
 Previous studies 
have noted the potential for inaccuracies in wear quantification by using these different 
methods, and have suggested that reverse engineering would be superior to using a CAD 
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model as a reference geometry.
39
 However, these methods have not been compared 
directly in a retrieval study to assess whether the differences in the results (if any) would 
be clinically significant. 
Recently, Heyse et al. published studies of surface damage in retrieved Genesis II 
PE tibial inserts (Smith & Nephew, Memphis, TN) that had been articulating against 
oxidized zirconium and cobalt chrome femoral components.
40,41
 They observed evidence 
of heavy damage on only one of the PE tibial inserts, with the majority of PE tibial inserts 
receiving low scores in the semi-quantitative scoring system that was used to describe the 
surface damage. This semi-quantitative scoring system, as first described by Hood et al., 
has been widely used in retrieval studies and enables researchers to determine the extent 
of damage on the component surface in addition to differentiating between various 
damage features, such as burnishing, pitting, abrasion or delamination.
2,42
 Unfortunately, 
this semi-quantitative scoring system is not designed to provide a quantitative 
measurement of wear and creep that would be suitable for calculating a penetration rate, 
while micro-CT has shown to be particularly useful for this purpose. Although a number 
of studies have been published demonstrating excellent patient outcomes for the Genesis 
II implant,
43-46
 the penetration rate occurring for the PE tibial insert in vivo due to both 
wear and creep has not been reported for retrieved components.  
The primary goal of the present study was to determine the effect of reference 
geometry choice (either reverse engineered or manufacturer’s CAD model) on the 
measurements of linear penetration due to wear and creep in a study of retrieved tibial 
inserts. It was hypothesized that greater deviations would be found using the CAD model 
reference. The secondary goal of the study was to provide an estimate of the linear 
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penetration rate due to wear and creep for the Genesis II implant. It was hypothesized that 
the penetration rate would be consistent with other contemporary implants. 
3.2 Methods 
 
 
All tibial inserts were scanned with a laboratory conebeam micro-CT scanner 
(eXplore Vision 120, GE Healthcare, London, ON). Inserts were held in a 
radiotranslucent polystyrene foam holder at a double-oblique angle during the scans. 
Scans were performed at an isotropic resolution of 50 µm over 1200 views with 10 
Figure 3.0: Outline of study design for Chapter 3. 
  
57 
frames averaged per view, with an x-ray tube voltage of 90 kVp and current of 40 mA. 
Each scan was reconstructed at the full 50 µm isotropic resolution using the software 
associated with the scanner console.  
Dedicated 3D micro-CT analysis software (MicroView v2.2, GE Healthcare, 
London, ON) was used to analyze the reconstructed scan images. The area of the insert 
geometry was set as a region of interest using a region-growing algorithm. Isosurface 
rendering was then performed using a threshold selected using the method developed by 
Otsu et al.
13
 The resulting surface was saved in stereolithography (STL) file format.  
A custom script was written to co-align source insert surface files with a target 
surface file, to generate a new averaged surface based on the co-alignment, and to create 
mean and standard deviation maps of the 3D deviations between the insert surfaces. 
Inserts were co-aligned using an iterative closest points algorithm, with convergence set 
for when the root mean square average distance dropped below 0.1 µm for the 1000 
sample points. A pilot study (in which a linearly transformed insert was re-registered to 
its original model) revealed the mean surface deviation was most efficiently minimized 
when 1000 sample points were used. The inserts were brought into alignment using a 
transformation matrix calculated by the script. Differences between the surfaces (i.e. the 
3D surface deviations) were calculated continuously across the entire 3D surfaces of the 
source and target files, for the more than 4 million points forming each surface. The 
overall mean and standard deviation between the surfaces was calculated from all of the 
individually calculated deviations, and mean and standard deviation maps of the surfaces 
were generated based on the individual 3D surface deviations. ParaView (Kitware Inc., 
Clifton Park, NY) was used to visualize the mean and standard deviation maps. 
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3.2.1 Construction of Reference Geometries from Averaged Inserts 
Six new, non-implanted Anatomic Modular Knee (DePuy, Warsaw, IN) 
polyethylene tibial inserts were used for this study. All were the cruciate-retaining model 
of 10 mm thickness, and were sterilized using gas plasma. Each insert was scanned three 
times with a laboratory micro-CT scanner in the manner described above. The surfaces 
were then reconstructed and the custom script was used to compare the geometries and 
measure the surface deviations, as described previously. 
Three potential sources of 3D surface deviation were evaluated: 1) intra-insert 
variability between scans of the same insert, due to micro-CT scanner noise (“scan 
variability”); 2) inter-insert variability between the surface geometries, due to the 
manufacturing process (“manufacturing variability”); and 3) inter-insert variability 
between the true surface geometry of the individual inserts and the idealized reference 
geometry (“reference variability”). The idealized reference geometries were constructed 
by the averaging of two, three, or six individually scanned insert surfaces. In order to 
eliminate the scan variability, the script was used to co-align and generate an averaged 
surface from the three scans for each of the six inserts (Figure 3.1). These six surfaces 
were then used as the source surfaces in the determination of manufacturing and 
reference variability. This ensured that deviations due to scanner noise would not affect 
the calculations of the other two types of variation. As a measure of the scan variability, 
the overall absolute mean (i.e. without regard to the positive or negative nature of the 
deviation) and standard deviation of the 3D deviations between the different scans of the 
same inserts were calculated. 
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Next, manufacturing variability was calculated. This was determined by selecting 
one of the six unworn inserts as a target surface and co-aligning the remaining five inserts 
with this target insert. The overall absolute mean and standard deviation of the 3D 
deviations between each of the inserts were recorded. Mean and standard deviation maps 
were generated from the combined comparisons between the individual inserts. 
Finally, reference variability was calculated. The surfaces of two, three, or six of 
the individual inserts were co-aligned and averaged to construct three separate reference 
geometries. The six-insert reference geometry was constructed using all of the available 
inserts. For the two- and three-insert reference geometries, the inserts used were 
randomly selected. The six individual insert surfaces were then compared with the three 
reference geometries and the overall absolute mean and standard deviation for the 3D 
deviations between the individual inserts and reference geometries were recorded. Mean 
and standard deviation maps were also generated from the combined comparisons 
between the individual inserts and the three reference geometries. 
 
 
Figure 3.1: 3D rendered image of an 
unworn polyethylene tibial insert, 
constructed by averaging three micro-
CT scans of the insert. A: Articular 
surface. B: Backside surface. 
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To determine the repeatability of the above methods, the creation of the six-insert 
reference geometry was repeated twice. The three six-insert reference geometries were 
then co-aligned using the custom script and were compared for deviations. The overall 
absolute mean and standard deviation of the repeated-averaging 3D deviations were 
recorded. 
To demonstrate the utility of the reference geometry, a worn insert the same size 
and model as the reference inserts was obtained from our laboratory. The insert had 
undergone knee wear simulator testing to 5.5 million cycles using the standard ISO-
14243-3 kinematics testing protocol.
14
 The insert was scanned and its surface was 
reconstructed using the same protocol as for the new, never-implanted inserts. The six-
insert reference geometry was co-aligned with the worn insert and the overall absolute 
mean 3D deviations between the two were calculated. Maps of the mean 3D deviations 
were also generated. 
The Kolmogorov-Smirnov test was used to determine whether the data was 
normally distributed. A one-way repeated measures ANOVA with post hoc Tukey tests 
was performed to determine whether the absolute means and standard deviations of the 
scan, manufacturing and reference variability were significantly different. Finally, one-
sample t tests were used to compare the absolute means of the scan, manufacturing and 
reference variability to the reported mean clinical wear rate for the inserts (20 µm/year).
15
 
Statistical significance was taken as a p value of less than 0.05. The statistical software 
used reported the exact p value for the t tests, and greater than or less than 0.05 for the 
ANOVA post-tests. 
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3.2.2 Construction of Reference Geometries from CAD Models 
Ten never-implanted polyethylene tibial inserts (Genesis II, Smith and Nephew, 
Memphis, TN) and their associated CAD models were obtained from the manufacturer. 
Of the inserts, five were of the cruciate retaining (CR) design and five were of the 
posterior stabilizing (PS) design. The sample size was selected based on a previous study 
that determined three to six inserts are required to minimize inter-insert deviation through 
averaging of the insert geometries.
16
 None of the inserts used in that study were used in 
the present study. All inserts were size 3-4 with a thickness of 11 mm, and were 
manufactured in the same lot. Each insert was scanned three times with a dedicated 
laboratory micro-CT scanner in the manner described above. The accuracy of the voxel 
spacing provided by the manufacturer was assessed using a quality assurance (QA) 
phantom, scanned at 50 m resolution under the same scan protocol.17 The voxel spacing 
calculated by the QA phantom was found to be 0.0672 m greater than the 
manufacturer’s stated voxel spacing. Therefore, a linear scaling correction factor (1.0016) 
was applied to the reconstructed images, increasing the image size. Surface rendering of 
the insert geometries was performed per the usual method (Figure 3.2), and the volume of 
each insert was recorded. Gravimetric analysis was performed for all inserts with a high-
precision scale calibrated to within ± 0.0001 g (AX205, Mettler-Toledo GmbH, 
Greifensee, Switzerland). The mass of the inserts was converted to a volume based on the 
reported density of GUR 1020 resin (0.935 mg/mm
3
).
18
 The gravimetrically-derived 
volume was then compared to the micro-CT volume for each insert to ensure accuracy. 
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The custom software utility, described above, was used to co-align and average 
the surface geometries from the three repeated scans of each insert. This produced a high-
quality surface geometry, free from any deviation due to scanner noise, for each of the 
ten inserts. The same program was used to compare the five scanned CR inserts to the CR 
CAD model, and the five scanned PS inserts to the PS CAD model. Once the scanned 
insert geometry was co-aligned to the CAD model, the 3D deviations (i.e. summed from 
the x, y and z coordinates) between the two surfaces were determined continuously across 
their entire 3D surfaces. These deviations correspond to a non-random error in the 
estimation of the pre-implantation geometry from using a CAD model as the reference 
geometry. For each point in the surface, the signed mean deviation between the CAD 
model and the five inserts was calculated and used to generate a mean deviation map. The 
mean deviation map was used as a measure of the systemic deviation between the CAD 
model and insert surfaces, which always exist within the comparisons. A second map was 
generated from the standard deviation (SD) of the deviations between surfaces at each 
point. The SD map was used as a measure of confidence in the localization of the mean 
deviations. The maps were visualized using ParaView (KitWare Inc., Clifton Park, NY). 
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Linear geometric scaling factors were then applied isotropically to the CAD 
models in an attempt to minimize the mean 3D surface deviations between the CAD 
models and the individual inserts. This would be expected to correct for any uniform 
geometric changes due to the manufacturing process or from micro-CT scanner scaling 
error. The CR and PS CAD models were visualized in Geomagic Studio (Geomagic Inc, 
Research Triangle Park, NC) and a uniform scaling factor was applied iteratively until the 
volume of the CAD model was equal to the mean volume of the inserts (measured by 
micro-CT). The scaling factor was applied so that the x, y, and z dimensions of geometry 
were linearly increased or decreased by one-third of the overall scaling factor. The 
Figure 3.2: 3D geometry of the CR inserts from the CAD model (A) and 
micro-CT scan (B), and of the PS inserts from the CAD model (C) and 
micro-CT scan (D). 
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deviations between the inserts and scaled CAD models were then calculated using the 
custom software utility, and maps were again generated for the mean and SD of the 
surface deviations. These deviations correspond to an error in the estimation of the pre-
implantation geometry, resulting from the use of the scaled CAD model as the reference 
geometry. 
A single CR insert and a single PS insert were compared to the other inserts 
within the CR and PS groups using the program. The 3D deviations between the 
individual inserts were calculated to determine the geometric variability between inserts 
from the manufacturing process. This variability from manufacturing also corresponds to 
the error in the estimation of the pre-implantation geometry from using a single insert as 
the reference geometry. Deviation maps were again constructed from the calculations. All 
of the insert surfaces were then averaged within the CR and PS groups to construct a 
single averaged CR geometry and a single averaged PS geometry. The averaged CR and 
PS geometries were then compared back to the individual inserts to determine the error 
from using an averaged insert geometry as the estimate of pre-implantation geometry. 
The deviations between the geometries were calculated and deviation maps were 
produced. 
Each mean deviation map was visualized in ParaView and a region of interest 
(ROI) was selected, in turn, on the left and right side of the articular surface of the 
geometry. The ROIs were approximately 15 x 25 mm in dimension and corresponded to 
contact regions in which wear damage is typically seen, on the proximal insert surface 
covering the area between the lateral edges of the insert to the edge of the post for PS 
inserts, or approximately where the post would be on CR inserts.
1
 This ensured that only 
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deviations relevant to wear measurements were taken into account. Each ROI contained 
10-50 thousand points of calculated deviations. From these points the mean and SD of the 
deviations within the ROI were calculated. Deviations within the ROIs were found to be 
not significantly different between the left and right sides (paired t-test, p > 0.05); 
therefore, the calculated deviations for the sides were combined. This measurement was 
used to determine the projected error in the calculation of an articular surface wear rate if 
that type of geometry was used as a reference in a retrieval study. 
3.2.3 Assessment of Reference Geometries in a Retrieval Study 
Sixteen PE tibial inserts (Genesis II, Smith & Nephew, Memphis, TN) retrieved 
between 1999 and 2010 at the London Health Sciences Centre, London, ON and the 
Concordia Hip and Knee Institute, Winnipeg, MB, were examined. All PE tibial inserts 
were of posterior-stabilized (PS) design, size 3/4 and 11 mm in nominal thickness.  The 
PE tibial inserts were all uniformly machined from ram-extruded bar stock PE and were 
subsequently sterilized in an ethylene oxide environment.
17
 This size and thickness was 
selected due to the availability of five new, never implanted PE tibial inserts of the same 
type for use as an unworn reference geometry, along with the manufacturer’s CAD 
model. The majority of patients were female (14 of 16), with a mean BMI of 33.9 (Table 
3.1). Most components were implanted on the right side (11 of 16) and were primarily 
revised for infection (11 of 16). The mean duration of implantation was 32 months 
(range, 2 weeks – 86 months). 
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Table 3.1: Patient information for the retrieved components. Insert corresponds to the deviation 
maps in Figures 3.10 and 3.11. 
Insert Sex BMI Side 
Time 
Implanted 
Reason for Revision 
A F 28.5 Right 0.5 months Infection 
B F 39.8 Right 4 months Infection 
C F 39.5 Left 8 months Malposition 
D F 40.8 Right 13 months Infection 
E F 40.8 Right 14 months Infection 
F F 29.6 Right 14 months Infection 
G F 39.1 Right 17 months Fracture 
H M 37.0 Left 18 months Infection 
I F 38.4 Right 22 months Arthrofibrosis and aseptic loosening of 
the patella component 
J F 28.1 Left 22 months Infection 
K F 30.7 Right 46 months Pain and effusion 
L F 33.2 Right 52 months Infection 
M M 36.3 Left 53 months Infection 
N F 25.9 Right 58 months Infection 
O F 30.7 Right 78 months Infection 
P F 24.1 Left 86 months Pain and decreased range of motion 
 
The retrieved and new, never implanted PE tibial inserts were scanned with 
micro-CT, reconstructed, and surface geometry files were generated as previously 
described. The previously developed custom software utility was used to iteratively co-
align the insert geometries, calculate surface deviations, and, for some instances, average 
together multiple PE insert geometries. Briefly, two or more PE tibial inserts were 
brought into the software utility and co-aligned using an iterative closest points 
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algorithm, set to converge when the root mean square average distance dropped below 
0.1 µm for the 1000 sample points. All differences between the two co-aligned surfaces 
(i.e. the three-dimensional surface deviations) were calculated continuously across the 
entire three-dimensional surfaces of the loaded PE tibial inserts. The software utility 
would then generate two outputs: a new geometry created by averaging the PE tibial 
insert geometries loaded into the software, and maps of the three-dimensional surface 
deviations between the PE tibial insert geometries. 
The scanned volumes of the five new, never-implanted PE tibial inserts were 
averaged to construct an idealized reference geometry to represent the unworn state of the 
retrieved PE tibial inserts. This reference geometry was termed the reverse engineered 
model, in contrast to the manufacturer-provided CAD model. Subsequently, the sixteen 
retrieved PE tibial inserts were sequentially co-aligned to the reverse engineered and 
CAD reference geometries, for a total of 32 comparisons. For each comparison, the three-
dimensional surface deviations between the reference geometry and the retrieved PE 
tibial insert geometry were calculated, and a map with these deviations was generated. 
Each deviation map was visualized in ParaView (Kitware Inc., Clifton Park, NY). A 
region of interest (Figure 3.3) was selected sequentially on the lateral and medial sides of 
the articular surface, and the maximum penetration within each region was recorded. 
The mean and standard deviation of the maximum penetration on the medial and 
lateral sides of the articular surface was calculated from the data for both the reverse 
engineered and CAD reference geometries. Maximum penetration on the medial and 
lateral sides was compared using a paired t-test for both types of reference geometries. 
The difference between the results from the two reference geometries was assessed using 
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a paired t-test for both the medial and lateral sides, and a Pearson correlation was used to 
determine the degree of correlation between the two. Penetration rates were determined 
via dividing the maximum penetration of each PE tibial insert by the number of years it 
was implanted. The mean of these penetration rates was used to determine a mean 
penetration rate for PE tibial inserts implanted for at least one year and for at least two 
years. These mean penetration rates were determined using both the reverse engineered 
and CAD reference geometries, and the difference between them was assessed with a 
paired t-test. In all cases a p value of less than 0.05 was considered statistically 
significant. 
 
 
 
Figure 3.3: Comparison of actual PE tibial insert damage (A) to deviation maps based on the 
reverse engineered (B) and CAD model (C) reference geometries. Scale bar (A) is 10 mm. 
White boxes (B and C) are example regions of interest from which the maximum penetration 
was measured. 
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3.3 Results 
3.3.1 Construction of Reference Geometries from Averaged Inserts 
The overall absolute mean scan variability was calculated as 2.2 ± 8 µm, and 
ranged from 0.3 ± 8 µm to 4.4 ± 8 µm. The overall absolute mean manufacturing 
variability was calculated as 15 ± 59 µm, with a range of 2.2 ± 39 µm to 18 ± 62 µm. A 
complete list of the means and standard deviations of reference variability for each of the 
inserts is reported in Table 3.2. The overall absolute mean and standard deviation was 
greatest for the reference geometry constructed using two inserts (11 ± 48 µm), lower for 
the reference geometry constructed using three inserts (8.4 ± 43 µm), and lowest for the 
reference geometry constructed using six inserts (8.3 ± 39 µm). No deviations were found 
between the repeated constructions of the six-insert reference geometry.  
 
Table 3.2: Individual insert 3D surface deviation from the reference geometries (Absolute Mean 
± Standard Deviation in µm). 
 
Two Insert 
Reference Geometry 
Three Insert 
Reference Geometry 
Six Insert 
Reference Geometry 
Insert A 2 ± 38 10 ± 42 14 ± 45 
Insert B 0.2 ± 46 8 ± 28 12 ± 33 
Insert C 16 ± 58 9 ± 32 4 ± 41 
Insert D 22 ± 44 14 ± 38 10 ± 29 
Insert E 8 ± 74 0.3 ± 70 4 ± 53 
Insert F 17 ± 42 10 ± 38 5 ± 26 
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The absolute mean and standard deviation of scan variability were significantly 
lower than the mean and standard deviation of manufacturing variability (P < 0.05 and 
P < 0.001, respectively). Absolute mean scan variability was also significantly lower than 
the reported wear rate of the inserts (P < 0.0001). No significant difference was found 
between the wear rate and absolute mean manufacturing variability (P = 0.24). The 
statistical results of comparisons between reference variability for the three reference 
geometries and scan variability, manufacturing variability, and wear rate are listed in 
Table 3.3. Overall, the six-insert reference geometry displayed the greatest decrease in 
reference variability compared to the manufacturing variability. 
Table 3.3: Results of the statistical comparisons between reference variability for the three 
reference geometries and scan variability, manufacturing variability, and wear rate.  
Reference Geometry Comparison Significance 
Six-insert Geometry Scan Variability – Mean NS 
 Scan Variability – SD P < 0.01 
 Manufacturing Variability – Mean NS 
 Manufacturing Variability – SD P < 0.05 
 Wear Rate – Mean P = 0.0014 
Three-insert Geometry Scan Variability – Mean NS 
 Scan Variability – SD P < 0.01 
 Manufacturing Variability – Mean NS 
 Manufacturing Variability – SD NS 
 Wear Rate – Mean P = 0.0065 
Two-insert Geometry Scan Variability – Mean P < 0.05 
 Scan Variability – SD P = 0.001 
 Manufacturing Variability – Mean NS 
 Manufacturing Variability – SD NS 
 Wear Rate – Mean NS 
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The mean 3D surface deviation maps of the manufacturing variability revealed 
deviations of less than 50 µm across the entire insert surface (Figure 3.4A-B). The map 
displayed a positive to neutral to negative deviation pattern from the periphery of the 
insert towards its center. In contrast, the mean 3D surface deviation maps for reference 
variability (Figure 3.5) displayed the greatest deviation (which was positive) at the 
periphery of the inserts. The standard deviation maps for both manufacturing variability 
(Figure 3.4C-D) and reference variability (Figure 3.6) were more similar in pattern, with 
the smallest amount of deviation occurring at the center of the inserts. The 3D surface 
deviations due to manufacturing variability in the standard deviation maps appeared 
slightly larger than the deviations due to reference variability. 
 
 
Figure 3.4: Maps of the 3D surface deviations (in µm) between the six individual 
tibial inserts (inter-insert variability due to the manufacturing process). A-B: 
Overall absolute mean deviations for the articular and backside surfaces, 
respectively. C-D: Overall standard deviations for the articular and backside 
surfaces, respectively. 
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Figure 3.5: Maps of the overall absolute mean 3D surface deviations (in 
µm) between the three reference geometries and six individual tibial 
inserts. A-C: Articular surfaces of the two-, three- and six-insert reference 
geometries, respectively. D-F: Backside surfaces of the two-, three- and 
six-insert reference geometries, respectively. 
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Within the maps of reference variability, patterns of 3D surface deviation were 
similar for all reference geometries. The reference geometries constructed from two and 
three inserts displayed positive mean deviations at their peripheries, with the reference 
geometry constructed from two inserts also displaying negative mean deviations at the 
center of the articular surface (Figure 3.5A). The reference geometry constructed from six 
Figure 3.6: Maps of the overall standard deviation of 3D surface 
deviations (in µm) between the three reference geometries and six 
individual tibial inserts. A-C: Articular surfaces of the two-, three- and 
six-insert reference geometries, respectively. D-F: Backside surfaces of 
the two-, three- and six-insert reference geometries, respectively. 
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inserts showed the lowest, most uniform mean deviations across the articular 
(Figure 3.5C) and backside (Figure 3.5F) surfaces. The standard deviation maps 
displayed even greater similarity between the three reference geometries. Again, the 
greatest deviations (i.e. greater than 50 µm) were around the periphery or edges of the 
inserts for both the articular and backside surfaces, with the least deviation (i.e. less than 
12 µm) at the center of the surfaces. The map of the mean deviations between the worn 
insert and the six-insert reference geometry displayed expected focal deviations 
exceeding 500 µm on the articular surface (Figure 3.7). The remainder of the insert 
displayed little to no deviation. The overall absolute mean and standard deviation 
between the worn insert and six-insert reference geometry was 8.8 ± 104 µm. 
 
Figure 3.7: Maps of the overall absolute mean 3D surface deviations (in 
µm) between the six-insert idealized reference geometry and the worn 
tibial insert. A: Articular surface. B: Backside surface. Note the scale is 
10 times greater than for the maps of manufacturing and reference 
variability (± 500 versus ± 50 µm). 
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3.3.2 Construction of Reference Geometries from CAD Models 
The CAD models were larger in volume than the scanned inserts (Table 3.4) with the 
individual insert surfaces on average negatively deviating from the articular surface of the 
CAD models (Table 3.5). The CT volumes were, on average, 0.4% smaller (34-178 mm
3
) 
than the CAD model volumes. The gravimetric volumes of the CR inserts were, on 
average, 0.3% smaller than the CAD volumes, whereas the gravimetric volumes of the PS 
inserts were 0.2% greater than the CAD volumes. In comparison of the scanned CR 
inserts to the CAD model, the greatest of the mean deviations appeared along the edges 
of the insert surface, particularly within the locking mechanism as well as in the center of 
the articular surface (Figure 3.8A). The SDs also increased toward the edges of the insert 
(Figure 3.8B). Like with the CR inserts, the greatest mean deviations in the comparison 
of the CAD model to the PS inserts were at the center of the insert surface on the 
articulating side, surrounding the locking mechanism on the backside, and also around 
the post (Figure 3.9A). The SDs were more consistent than with the CR inserts (Figure 
3.9B).  
 
Table 3.4: Mean ± SD of micro-CT, gravimetric, and CAD volumes of the tibial inserts. 
 Micro-CT Volume 
(mm
3
) 
Gravimetric Volume 
(mm
3
) 
CAD Volume 
(mm
3
) 
Scaling 
Factor 
CR 27644 ± 64 (0.64%) 27738  ± 52 (0.3%) 27822  0.99786 
PS 31951 ± 139 (0.11%) 32036 ± 56 (0.2%) 31985  0.99964 
The mean percent difference from the CAD volume is listed for the micro-CT and gravimetric 
volumes. Scaling factor refers to the linear scaling factor isotropically applied to reduce the CAD 
geometry to equal the mean volume of the scanned geometries. No SD exists for the CAD 
volumes, because there was only one CAD file. 
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Table 3.5. Mean 3D deviations between geometries within regions of the articular surface in 
which wear is typically found. 
Geometry Comparison CR PS 
Between Individual Inserts -10.4  9.4 9.7  6.4 
Averaged Insert vs. Individual Inserts 1.4  2.0 -0.4  1.9 
CAD Model vs. Individual Inserts -25.7  13.1 -36.8  31.4 
Scaled CAD Model vs. Individual Inserts -14.4  11.8 -36.1  30.9 
Deviations are mean  SD in m.  
 
Scaling the CAD models reduced, but did not eliminate, the deviations. The mean 
deviations in the scaled CR CAD model appeared to be slightly lower across the insert 
surface compared with those using the original CAD model (Figure 3.8C); however, there 
appeared to be little difference in the SDs (Figure 3.8D). Like with the CR scaled CAD 
model, there appeared to be a slight decrease in the articular surface deviations for the 
scaled PS CAD model in comparison to the original (Figure 3.9C) but no obvious 
difference in the map of the SDs (Figure 3.9D). 
Deviations between the individual inserts, and between the averaged insert and 
individual inserts, were lower than those associated with the CAD models. The map of 
mean deviations between individual CR inserts displayed small regions of opposing 
positive and negative deviation at the periphery of the surfaces (Figure 3.8E). The SDs 
were slightly more uniform than with the CAD models (Figure 3.8F). In contrast, the map 
of mean deviations between individual PS inserts displayed low, uniform deviations 
across the entire surface (Figure 3.9E) with a similar SD map (Figure 3.9F). The 
geometry from averaging the inserts displayed the lowest, most uniform mean deviations 
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out of all the geometry comparisons for both the CR (Figure 3.8G) and PS (Figure 3.9G) 
groups. 
 
Figure 3.8: Maps of the three-dimensional surface deviations (in microns) for the CR inserts. 
Means are on the left, SDs are on the right, for both the articular and backside surface. (A) Mean 
deviations for the CAD model versus individual inserts, (B) SDs for the CAD model versus 
individual inserts, (C) mean deviations for the scaled CAD model versus individual inserts, (D) SDs 
for the scaled CAD model versus individual inserts, (E) mean deviations between individual inserts, 
(F) SDs between individual inserts, (G) mean deviations between the averaged insert versus 
individual inserts, and (H) SDs between the averaged insert versus individual inserts. CR = cruciate-
retaining; CAD = computer-aided design. 
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Figure 3.9: Maps of the three-dimensional surface deviations (in microns) for the PS inserts. Means 
are on the left, SDs are on the right, for both the articular and backside surface. (A) Mean deviations 
for the CAD model versus individual inserts, (B) SDs for the CAD model versus individual inserts, 
(C) mean deviations for the scaled CAD model versus individual inserts, (D) SDs for the scaled CAD 
model versus individual inserts, (E) mean deviations between individual inserts, (F) SDs between 
individual inserts, (G) mean deviations between the averaged insert versus individual inserts, and (H) 
SDs between the averaged insert versus individual inserts. PS = posterior-stabilizing; CAD = 
computer-aided design. 
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3.3.3 Assessment of Reference Geometries in a Retrieval Study 
The general pattern of articular surface deviations was varied between the PE 
tibial inserts, with the deviation maps based on the reverse engineered reference 
geometry (Figure 3.10) demonstrating less deviation overall than those based on the CAD 
model (Figure 3.11). Large, very distinct zones of penetration were noted on five of the 
PE tibial inserts (Inserts H, I, K, L, and P), likely due to a combination of burnishing and 
creep. Smaller, focal damage features such as pits and scratches were also observed on 
seven of the deviation maps (Inserts E, F, G, I, J, K, and O). Damage that was readily 
attributable to the process of removing the implant during the revision surgery (e.g. 
marks caused by osteotomes or pliers) was also notable on some of the deviation maps 
(Inserts C, L, and O), and care was taken to ensure these regions were not included when 
measuring the maximum penetration due to wear and creep. The deviation maps created 
using the reverse engineered reference geometry appeared to be of a higher quality than 
those created using the CAD reference geometry. In this case, quality was defined as the 
ability to discern damage features on the deviation maps, i.e. the contrast between the 
background surface and the surface deviations due to wear and creep.  
Using the reverse-engineered reference geometry, the maximum penetration was 
measured to be 0.163 ± 0.087 mm medially and 0.169 ± 0.082 mm laterally. No 
significant difference was found between the two sides (p = 0.710). Using the CAD 
reference geometry, the maximum penetration was 0.183 ± 0.077 mm medially and 
0.190 ± 0.081 mm laterally. Again, no significant difference was found between the two 
sides (p = 0.668). The maximum penetration calculated using the CAD reference 
geometry was significantly greater than the maximum penetration calculated using the 
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reverse engineered reference geometry, both medially (p = 0.024) and laterally 
(p = 0.029). Correlation between the penetration measurements from the two reference 
geometries was slightly better on the medial side (r
2
 = 0.87, p < 0.001) than on the lateral 
side (r
2
 = 0.81, p < 0.001). 
 
 
Figure 3.10: Articular surface deviation maps for the retrieved inserts generated using the 
reverse engineered reference geometry. Deviation scale is in µm. Surface deviation is defined 
as the difference (including wear and creep) between the retrieved insert geometry and the 
reference insert geometry. Inserts with starred labels (C, H, J, M, and P) are left-sided. All 
other inserts are right-sided. 
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The mean penetration rate for PE tibial inserts implanted for at least one year 
(n = 13) was calculated to be 0.098 ± 0.071 mm/year using the reverse engineered 
reference geometry. The same mean penetration rate calculated using the CAD reference 
geometry was slightly higher, at 0.105 ± 0.072 mm/year. However, no significant 
difference was found between the two mean penetration rates (p = 0.131). The mean 
Figure 3.11: Articular surface deviation maps for the retrieved inserts generated using the 
CAD model reference geometry. Deviation scale is in µm. Surface deviation is defined as the 
difference (including wear and creep) between the retrieved insert geometry and the reference 
insert geometry. Inserts with starred labels (C, H, J, M, and P) are left-sided. All other inserts 
are right-sided. 
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penetration rate for PE tibial inserts implanted for at least two years (n = 6) was less than 
half the mean penetration rate for inserts implanted for at least one year, for both types of 
reference geometries. These mean penetration rates were calculated to be 0.038 ± 0.020 
mm/year using the reverse engineered reference geometry and 0.042 ± 0.018 mm/year 
using the CAD reference geometry. Once again, no significant difference was found 
between the mean penetration rates from the two reference geometry types (p = 0.191). 
 
3.4 Discussion 
3.4.1 Construction of Reference Geometries from Averaged Inserts 
Small variations in polyethylene tibial insert geometry that may exist due to the 
manufacturing process can interfere with geometric wear analysis, but we have developed 
a non-destructive, reverse engineering technique to create an average 3D reference 
geometry that minimizes the effects of these geometric variations. By averaging six 
unworn inserts together, the mean reference variability was found to be 8.3 ± 39 µm, with 
the standard deviations further reduced to below 12 µm where wear is most likely to 
occur (i.e. on the articular and backside surfaces). This use of an averaged 3D surface 
resulted in a mean reference variability of almost half the mean manufacturing variability 
(8.3 versus 15 µm), and significantly lower standard deviation. The method was found to 
be highly repeatable and precise with scan variability contributing to only 2.2 ± 8 µm of 
the deviation. In comparison, the clinical wear rate for the tibial inserts used in this study 
has been found to be in the range of 20-150 µm/year,
15
 which is significantly greater than 
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the absolute mean scan variability and six- and three-insert reference variability. 
Therefore, this method of creating a new reference geometry could be used in the study 
of any tibial insert retrieved greater than one year after implantation. For the worn insert 
from the wear simulator trial, deviations from the six-insert reference geometry were 
found only within the worn regions of the insert surface. The deviations exceeded 
500 µm, approximately 60 times the reference variability. The mean deviation between 
the two was only slightly higher than the mean reference variability (8.3 versus 8.8 µm). 
The reference geometry created using six inserts demonstrated the lowest 3D 
surface deviation of the three reference geometries. The mean and standard deviation 
maps for all reference geometries demonstrated a similar pattern. The overall standard 
deviations differed by only 4 µm between the three- and six-insert based reference 
geometries, and the overall absolute mean differed by only 0.1 µm. The absolute means 
of the three- and six-insert reference variability were both significantly lower than the 
reported wear rate of the inserts. It is therefore possible that as few as three unworn 
inserts could be used to construct the idealized reference geometry and still obtain good 
results for the wear analysis. However, the greatest number of available unworn inserts 
should be used to construct the reference geometry in order to best minimize the effects 
of manufacturing variability. The manufacturing and reference variability may be 
increase or decrease depending on the individual inserts studied. Only the standard 
deviation of the six-insert reference variability was significantly lower than the standard 
deviation of the manufacturing variability. 
A potential limitation for some groups with this method is the expense of 
obtaining and scanning up to six new, unworn tibial inserts to construct the idealized 
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reference geometry. In this case, less than six unworn inserts could be used to create the 
idealized geometry and still potentially obtain good results, due to the previously 
mentioned similarities in surface deviations for the three- and six-insert based reference 
geometries. Regardless of the number of inserts used to construct the reference 
geometries, some deviation will still exist between the idealized reference geometry and 
the actual unworn geometry of the retrieved insert. However, because the smallest 
amount of deviation was found to be in regions where wear is typically greatest, this error 
should be manageable. Since the alternative would be not having any 3D surface 
deviation data (due to a lack of reference geometry), even an approximation provides 
excellent value. Although a manufacturing variability of 15 ± 59 µm represents excellent 
stability, a previous-generation tibial insert design (the AMK) was used in this study and 
it is possible that more recent manufacturing techniques have resulted in decreased 
manufacturing variability. Should this be the case, the error between the true unworn 
geometry and the idealized reference geometry will be further reduced. Finally, a 
cruciate-retaining tibial insert model with a dovetail locking mechanism was evaluated in 
this study. The presence of a tibial post or alternative locking mechanisms may be 
additional sources of variation, and are currently being studied in our laboratory. 
The reverse-engineering method described here provides an alternative to 
estimating the overall unworn insert surface from unworn regions of a worn insert. Our 
method is possible regardless of insert geometry, while the estimation method may not be 
possible for very complex geometries.
11
 The idea of averaging the surfaces of multiple 
unworn inserts to create a single idealized reference geometry can likely be extended for 
use with CMM or optical laser scanning equipment, in addition to micro-CT. A similar 
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reverse engineering concept has previously been applied to model-based 
radiostereometric analysis, using optical laser scanning of the femoral and tibial 
components.
16
 Micro-CT may provide an advantage over CMM and optical laser 
scanning, however, as it can non-destructively obtain all 3D complex surface features 
(including hidden cavities) simultaneously for the articular and backside surfaces. 
Although the reverse engineering technique we describe is primarily useful for retrieval 
studies where the original insert geometry will be unknown, it may also be used for wear 
simulator studies if the insert geometries were not scanned before the testing began (e.g. 
Figure 3.7). 
In summary, we have successfully developed a reverse engineering technique to 
generate a new, idealized average 3D tibial insert reference geometry for use in wear 
analysis. This micro-CT derived 3D reference geometry, obtained from unworn inserts, 
provides a representation of the true unworn geometry to within 8.3 ± 12 µm on the 
surfaces where the majority of wear occurs. The method can be used by geometric wear 
analysis techniques – including CMM and micro-CT – primarily for studies of retrieved 
tibial inserts, and for wear simulator studies if the insert geometry was not obtained prior 
to testing. This method may also be applicable to polyethylene components in other types 
of total joint replacement, such as acetabular liners in total hip arthroplasty. 
3.4.2 Construction of Reference Geometries from CAD Models 
Polyethylene wear continues to be studied, because it is a substantial detriment to 
the longevity of arthroplasty.
1,3
 The techniques used to study components retrieved 
during revision surgery require an accurate unworn reference geometry to quantify wear 
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of the component. The original CAD models created for the design and manufacture of 
polyethylene components might be suitable for this purpose. We sought to determine (1) 
what geometric deviations exist between manufactured tibial inserts and their original 
CAD models; (2) whether scaling factors can be applied to the CAD model to minimize 
the deviations; and (3) how these deviations compare with the baseline deviations 
between inserts (based on manufacturing variability) and with the deviations from using 
an averaged insert geometry. 
We acknowledge certain limitations of our study. First, two models of a single 
insert design from one manufacturer were used in this study, and thus the results may not 
be representative for all designs. Inserts with complex designs will have greater potential 
for deviation, both between the insert and its CAD file and between different inserts. All 
inserts were obtained from the same lot and therefore may be more similar than inserts 
obtained from different lots. Implants from different lots are more likely to have 
inconsistencies, which in the case of this study would increase the magnitude of the 
deviations between scanned inserts, and between the inserts and the averaged reference 
geometry. Second, for deviation measurement purposes, it was assumed that the 
geometries produced by micro-CT scanning were completely representative of the actual 
inserts, yet some errors are likely to exist. Errors can be introduced into the geometry 
through the scanner itself (e.g., partial volume effect) or through the isosurface rendering 
process that generates the STL files (e.g., discretization error). Scans were obtained with 
an isotropic voxel spacing of 50 µm; however, it is established that three-dimensional 
models can be produced from CT with errors less than the voxel spacing of the CT 
scanner, with a mean absolute accuracy of one-fifth of the voxel spacing being reported 
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in one instance for clinical CT.
20,21
 Errors in geometry are most likely to occur at areas of 
rapid change in curvature and less likely to occur over flat areas.
22
 Attempts to minimize 
these types of errors were made by obtaining and averaging multiple scans of each insert 
and by using the highest possible quality for surface generation in the production of the 
STL files. Measurements were obtained in ROIs along the articular surface that has a low 
curvature, not at the sharp edges of the inserts where errors in the geometry are more 
likely to occur. A quality assurance phantom was used to ensure the voxel spacing of the 
scanner was accurate, and all insert volumes were compared with gravimetric analysis as 
a check on the micro-CT measurements. The CT-derived insert volumes were less than 
0.4% smaller than the gravimetric volumes (Table 3.4). CT may underestimate volume 
compared with gravimetric analysis as a result of inaccuracies in voxel spacing or surface 
wrapping.
23,24
 Using an incorrect polyethylene density for converting gravimetric mass to 
volume could also lead to discrepancies from CT volume. A 0.001-mg/mm
3
 increase in 
density would reduce the gravimetric volumes by 0.1%, thereby reducing the observed 
discrepancies between CT and gravimetric volumes to 0.15% from 0.31%. Third, an 
additional potential error may be inaccurate coalignment of the insert geometries by the 
customized script. However, the algorithm used in this study is reportedly accurate and 
repeatable.
16
 Finally, although micro-CT is a noncontact, nondestructive technique, it 
does impart ionizing radiation into the specimen being imaged. Dosimeter tests of the 
imaging protocol used in this study have reported an entrance dose of 4 Gy, which is 
420,000 times less than the 105 kGy total dose used to crosslink and sterilize 
polyethylene by certain manufacturers.
25
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We found geometric deviations between the inserts and the CAD models for both 
of the insert designs. The CAD model volumes were greater than the CT volumes, 
indicating the CAD model is slightly larger than the empiric geometry. In a retrieval 
study, these deviations would correspond to an error in the estimation of the pre-
implantation insert geometry. Mean deviations within the articular surface were  
–25.7 ± 13.1 µm for the CR group and –36.8 ± 31.4 µm for the PS group. The articular 
surface has been identified as the primary location of wear along with the backside 
surface and tibial post.
1,26-32
 Therefore, this amount of deviation would contribute to a 
considerable overestimation of wear during analysis of retrieved inserts. Based on the 
deviation maps for the CAD model comparisons, the CR group had moderate and 
uniform mean deviations, suggesting little systemic deviation from the CAD model, with 
higher localized SDs, suggesting variability between inserts. Therefore, the manufactured 
inserts were generally similar to the CAD model but with variability between inserts from 
manufacturing tolerances. In contrast, the PS group had higher regions of mean deviation, 
suggesting greater systemic deviation from the CAD model but with lower, uniform SDs, 
suggesting lower manufacturing variability than the CR group. As a more complex 
design, the PS group would be expected to be more difficult to manufacture than the CR 
group, producing greater systemic deviation, whereas the two groups would not be 
manufactured in the same batch or with the same machine, enabling the differences in 
SDs from manufacturing variability. 
Isotropic scaling factors were applied to the CAD models and slightly reduced the 
mean deviations within the articular surface to –14.4 ± 11.8 µm for the CR group and  
–36.1 ± 30.9 µm for the PS group. Using a scaled CAD model as a reference geometry 
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would therefore be slightly more advantageous than using an unscaled model, but the 
limitations described previously would still apply. CAD models have been investigated in 
the past for use in model-based radiostereometric analysis (MBRSA).
19,33
 Reverse 
engineering scans of the femoral components and tibial trays are reportedly superior to 
the CAD models.
19
 They concluded the difference between the CAD model and a 
component was larger than the difference between the components themselves.
19
 The 
deviations within the articular surface between the inserts and CAD models in the current 
study were indeed greater than the deviations between the individual inserts (Table 3.5). 
The geometric and volumetric deviations between the CAD models and individual inserts 
likely stem from the machining tolerances of the various tooling used to manufacture the 
inserts. The Genesis II inserts are machined from compression-molded polyethylene.
34
 
Scaling the CAD models resulted in an overall decrease in the mean deviations compared 
with the original CAD models but maintained deviations greater than 35 m across the 
articular surfaces. Uniform scaling factors would not be able to correct these residual 
deviations, because different regions of the inserts may have been machined using 
different tools, each with a different tolerance and thus nonuniform error.  
The deviations were overall much lower (less than 2 µm within the articular 
surfaces) when the average of five components was used as the CT-derived reference 
geometry. Again, this finding is supported by previous MBRSA investigations in which 
reverse engineering was superior to using CAD models.
19
 The reference geometry 
constructed from averaging multiple inserts resulted in a more even pattern of deviations 
compared with using a single insert or CAD model as the reference geometry. With the 
averaging method, any error would therefore be consistent for all measurements across 
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the insert surfaces. Using a single insert might result in varying degrees of error and thus 
a less accurate measurement of wear. An additional advantage of using the CT averaging 
method is that any potential measurement error would occur consistently across both the 
reference geometry and retrieved inserts.  
Averaging multiple scanned never-implanted inserts resulted in a reference 
geometry with the lowest, most uniform deviation from the group of unworn inserts. 
Larger, more variable deviations were found between the scanned inserts and the CAD 
models. Assuming consistency in the manufacturing variability between lots, using an 
empirical reference geometry will provide a more accurate estimation of the pre-
implantation geometry for retrieval studies. This advantage will diminish with any 
increase in variability between manufacturing lots, which may result from differences in 
tool sharpness, tool tolerances and factory temperatures. The wear rate of various 
polyethylene tibial inserts has been reported as 25 to 230 µm/year and is likely lower for 
newer designs featuring highly crosslinked polyethylene.
8
 Therefore, the deviations of 
approximately 35 µm with the CAD models could potentially add or subtract up to a 
years worth of linear penetration to wear measurements. The effects of these errors will 
decrease with increased durations of device implantation. Authors of retrieval studies 
should be aware of these potential errors and account for them in wear measurements, 
particularly for any devices retrieved after less than 2 years. 
3.4.3 Assessment of Reference Geometries in a Retrieval Study 
The use of micro-CT for quantifying volumetric changes due to both wear and 
creep in PE components from joint arthroplasty has now been widely  
  
91 
published.
10,16,24,35-38
 The primary goal of the present study was to determine the effect of 
reference geometry choice (either reverse engineered or manufacturer’s CAD model) on 
the measurements of linear penetration due to wear and creep in a study of retrieved tibial 
inserts. It was hypothesized that greater deviations would be found using the CAD model 
reference. The secondary goal of the study was to provide an estimate of the linear 
penetration rate due to wear and creep for the Genesis II implant. It was hypothesized that 
the penetration rate would be consistent with other contemporary implants. A potential 
limitation in the use of micro-CT for retrieval studies is the requirement for the original 
“unworn” state of the component to be estimated in some way. The use of both reverse 
engineered and CAD models as reference geometries have been suggested.
16,39
 However, 
these methods have not been compared directly in a retrieval study to assess whether the 
differences in the results (if any) would be clinically significant. The Genesis II implant 
has been assessed to have excellent patient outcomes, and received relatively low damage 
scores in retrieval studies of the implant that used a semi-quantitative damage grading 
scales.
40,41,43-46 
However, no quantitative measurements of penetration due to wear and 
creep in retrieved Genesis II PE tibial inserts have been reported.  
Poorer contrast between the background PE tibial insert surface and the surface 
deviations due to wear and creep was found with the deviation maps generated using the 
CAD model as the reference geometry, in comparison to those generated using the 
reverse engineered reference geometry. It was therefore more difficult to discern specific 
damage features such as pits on the deviations maps generated using the CAD model as 
the reference geometry. Overall, there appeared to be more deviations (without any 
particular pattern) in the maps generated using the CAD model. This suggests that the 
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CAD model was less representative of the true PE tibial insert surface than the reverse 
engineered model, which is consistent with the literature not only for the PE tibial insert 
but also for the metal femoral and tibial components.
19,39
 The penetration measurements 
based on the CAD model significantly overestimated penetration (by 0.020 mm on 
average) when compared to the reverse engineered reference geometry. This suggests that 
the CAD model is larger than the scanned PE tibial inserts, so that the PE tibial insert 
surfaces appear further from the CAD model surface, translating into increased 
penetration. The CAD models for this implant have previously been found to be greater 
in volume than the manufactured PE tibial inserts.
39
 While statistically significant, this 
difference between the CAD models and reverse engineered geometries may not be 
clinically significant with the possible exception of the largest retrieval studies in which 
subtle implant, surgical, or patient factors are being evaluated. Correlation between the 
maximum penetration results from the two reference geometries was very good (r
2
 values 
exceeding 0.8), and there was no statistically significant difference between the 
penetration rates calculated with each method.  
The results of this study may be compared in a limited extent to the retrieval 
studies of Genesis II PE tibial inserts by Heyse et al.
40,41
 Some potential for differences 
exist as Heyse et al.
40
 examined PE tibial inserts that articulated against both cobalt 
chromium alloy and oxidized zirconium femoral components using a damage scoring 
system, while all of the femoral components for this study were manufactured from 
cobalt chromium alloy and three-dimensional surface deviations were measured. Heyse et 
al.
40
 noted generally low damage scores overall, with most damage features being 
burnishing, scratching, and pitting, without any delamination in ethylene oxide sterilized 
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PE. This was consistent with this present study, assuming a linear relationship between 
the three-dimensional surface deviations and the semi-quantitative damage scores.
40
 A 
low damage score for the Genesis II PE tibial inserts could be related to the use of 
ethylene oxide for sterilization, amongst other factors. PE tibial inserts sterilized with 
ethylene oxide have been found to have statistically significantly lower damage scores 
than those sterilized with gamma radiation in air or nitrogen.
47,48
 While Heyse et al. 
found greater damage laterally than medially,
40
 we found no statistically significant 
difference between the medial and lateral sides with respect to maximum penetration, 
although on average the lateral penetrations were slightly greater than the medial 
penetrations. The linear penetration rate (due to wear and creep) for the Genesis II found 
in this study is on the low end of wear rates reported in the literature for other fixed and 
mobile total knee replacements, which range from 0.046 to 0.350 mm/year.
8
 These wear 
rates were obtained from radiographs, coordinate measuring machines, and toolmaker’s 
dial gauges, and thus may not be entirely comparable to the measurements obtained with 
micro-CT. The relatively low penetration rate found in this study stands in agreement 
with the good clinical outcomes (greater than 95 percent survivorship at ten years) found 
in previous studies for this implant and thus may indicate low PE wear.
44,45
  
Certain limitations were associated with this study. The sample size was relatively 
small, as a single PE tibial insert model (PS), size (3/4) and thickness (11 mm) was 
studied in order to match a pre-existing unworn reference geometry available in our 
laboratory. The majority of retrievals (ten of 16) were in vivo for less than two years, but 
did include five PE tibial inserts implanted for greater than four years. The mean time in 
vivo was 32 months, 16 months longer than in a previous retrieval study of this implant.
40
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As with all retrieval studies, a bias exists since only failed PE tibial inserts were 
examined, which may not represent the volumetric changes of well-functioning implants. 
Additionally, the measured surface deviations included both wear and creep. As creep has 
been suggested to predominate over wear at shorter implant durations,
9
 the surface 
deviations in the three PE tibial inserts (Inserts A, B and C) in vivo for less than one year 
can possibly be attributed to creep, and may provide some indication of the relative 
amount of wear versus creep in the remaining PE tibial inserts. There was a decrease in 
deviation rate after two years, consistent with a creep response.
49
 Finally, micro-CT alone 
cannot necessarily distinguish between the various types of damage features. Micro-CT 
may therefore best be used in combination with some type of visual inspection (as in this 
study) or scoring system in order to maximize insight into the wear process in retrieval 
studies.  
In conclusion, it was determined that the use of a CAD model as a reference 
geometry resulted in significantly overestimated maximum penetration when compared 
to the use of a reverse engineered reference geometry. No significant difference was 
found between penetration rates, suggesting that the clinical significance between using a 
CAD or reverse engineered reference geometry for retrieval studies may be negligible for 
calculations of penetration rates. However, the quality of the deviation maps was 
improved with the reverse engineered reference geometry, which could potentially allow 
improved visualization and measurement of specific damage features such as pits and 
scratches. The penetration rate (calculated with the reverse engineered reference 
geometry) was 0.098 mm/year for PE tibial inserts in vivo for greater than one year, 
decreasing to 0.038 mm/year for PE tibial inserts in vivo for greater than two years. 
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These penetration rates are consistent with other contemporary implants. Further retrieval 
studies of other sizes and models of the Genesis II will be required to provide a more 
complete understanding of wear in this implant.  
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Chapter 4  
 
In Vivo Dynamic Measurement of Polyethylene 
Wear in Total Knee Replacement: A Phantom 
Study 
 
4.1 Introduction 
Osteoarthritis is an increasingly common progressive disease, most frequently 
affecting the knee joint to cause pain, stiffness, and decreased joint function.
1,2
 Initial 
treatment is conservative, consisting of regular exercise and physical therapy in addition 
to therapeutics such as non-steroidal anti-inflammatories.
1
 At advanced stages of knee 
osteoarthritis, total knee replacement (TKR) is considered the gold standard approach.
1
 
TKR has become a very common procedure, with demand expected to continue to 
increase with aging populations.
1
 Outcomes for the procedure are excellent at 10 to 15 
years after the primary surgery.
3
 As successful as TKR is, implant wear continues to be a 
challenge to the longevity of the replaced joint.
4
 In most cases, the TKR implant consists 
of a metal (cobalt-chromium) bearing articulating against a plastic (ultra high molecular 
weight polyethylene) component, which wears over time.
4
 The generation of 
polyethylene (PE) particles via the wear process leads to osteolysis (bone resorption) and 
loosening of the implant, decreasing its longevity and requiring a revision surgery for the 
patient.
4
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Measurement of PE wear in vivo as it is occurring in the patient’s replaced knee 
joint has long been a goal for surgeons and researchers. In total hip replacement, wear of 
the polyethylene acetabular liner can be measured in vivo as penetration of the femoral 
head into the femoral cup using plain radiographs or, most accurately, with Roentgen 
stereophotogrammetric analysis (RSA), a biplane x-ray technique.
5
 Due to the more 
complicated geometry of the knee joint, in vivo measurements of PE wear in TKR are not 
as straightforward.
6
 The space between the femoral and tibial components, viewed on 
anteroposterior radiographs with the patient standing in full extension, has been used as a 
measurement of tibial insert wear.
7
 However, this measurement suffers from poor 
repeatability and requires a large change in the PE bearing thickness to be noticeable. 
This method also assumes that the greatest penetration of the femoral component into the 
tibial insert occurs at full extension, which may not be the case as the contact area 
between the components changes during flexion due to “rollback” of the femur. 
Therefore, the femoral component might not “drop into” the worn area on the tibial insert 
until some degree of flexion has been reached.
6
 RSA has also been used to perform 
similar measurements of the linear penetration of the femoral and tibial components in a 
static manner, for both TKR and unicompartmental knee replacement (UKR).
6,8,9
 While 
RSA offers a greater accuracy than standard radiographs, it too suffers from the potential 
inaccuracy of ignoring wear that occurs during greater degrees of flexion when only 
static views are taken. More recent RSA studies have utilized a quasi-static approach to 
measure the linear penetration over a small number of sequential degrees of flexion (e.g. 
every 15 degrees) and sum the extrapolated wear volumes (in TKR) or determine the 
minimum bearing thickness (in UKR).
10-12
 However, questions remain regarding the 
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validity of this approach and its broader applicability to the many geometrically complex 
implant designs that are currently available. 
The purpose of the present study is to develop a technique to measure the volume 
of penetration of the femoral component into the tibial insert (due to PE wear and creep) 
from a dynamic imaging acquisition. By utilizing dynamic imaging, penetration can be 
measured continually throughout flexion, accounting for changes in implant contact area. 
The technique requires two primary inputs: 1) the three-dimensional geometry of the 
implant components, which can be acquired from the manufacturer’s CAD models or 
reverse engineered via laser scanning; and 2) the three-dimensional transformations and 
rotations of the knee joint throughout flexion, which can be acquired via marker-, model-, 
or intensity-based tracking of joint motion using single- or bi-plane fluoroscopy. In a 
pilot study to evaluate the feasibility of this technique, a robotically controlled 
anthropomorphic knee phantom was developed. The phantom was designed to mimic a 
patient performing a step-up maneuver after a TKR, with interchangeable implant 
components demonstrating various known amounts of PE wear. In this implementation, a 
single-plane flat-panel dynamic radiography system was utilized, with a marker-based 
method to track the motion of the knee phantom.   
4.2 Methods 
4.2.1 Calculation of Implant Penetration 
Custom software was developed to measure the intersection of the implant 
components using the open source graphics library VTK (Kitware Inc., Clifton Park, 
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NY). Input to the software consisted of triangulated surface models of the tibial insert and 
femoral component geometry, and a file for each containing the required translations and 
rotations (determined experimentally) for properly repositioning each part in three-
dimensional space for every frame of the dynamic articulation sequence. The surface 
model used for the tibial insert was of its original, unworn state, regardless of the degree 
the corresponding physical tibial insert was actually worn. In the real (patient) case, the 
loss of material from the tibial insert would bring the femoral component spatially closer 
to the tibial component. This real-world orientation is used by the software, with the 
spatial arrangement of the femoral component resulting in an apparent intersection of the 
femoral component in the unworn tibial insert, correlating to the real-world loss of 
thickness of the worn tibial insert. Computations to determine insert-component 
intersection were carried out in a single frame of reference corresponding to the position 
of the tibial insert at the initiation of the articulation. In this way the problem was reduced 
from one of tracking both mechanical parts in three-dimensional space to one in which 
only the relative movement of the femoral component to the tibial insert at each time 
increment was necessary.  
For each temporal frame, an iterative closest points surface registration algorithm 
was applied to the tibial insert geometry co-aligning it to its position in the initial frame. 
This provided the required transformation matrices for every step to the local frame of 
reference used in computation. The position and orientation of the femoral component 
relative to the tibial insert in the reference frame was subsequently determined through 
concatenation of the tibial insert geometry transformation matrices to the transformation 
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matrices which positioned the femoral component correctly, for a given time increment, 
relative to the tibial insert in the world three-dimensional space, respectfully. 
The three-dimensional limits of femoral component motion over the dynamic 
sequence were computed by tracking the axis-aligned bounding-boxes of the component 
over all frames after repositioning via application of the frame-specific transformation 
matrix to its geometric representation for each frame. Computation of the three-
dimensional limits of tibial insert motion over the dynamic sequence was also required 
but trivial since within the computational frame of reference the insert remained in a 
static position (i.e. femoral component motion was measured relative to the insert). Thus, 
the determination of the tibial insert bounding-box was reduced to that of localizing it in 
the first frame of the sequence.  Superimposition of the tibial and aggregate femoral 
bounding boxes defined the region in three-dimensional space that guaranteed 
mechanical assembly containment at any and all time increments.  
High-resolution (75 μm isotropic) volume rasterizations of the tibial insert and 
femoral component were created from their respective geometric surface models. At each 
time-increment both rasterizations were reoriented and resampled (75 μm isotropic) into 
two identical, duplicate volumes of space delineated by the previously computed global 
bounding-box using the previously calculated transformation matrices. Computational 
efficiency was improved through the use of a single rasterization for each mechanical 
part with reorientation and resampling at every frame compared to the more expensive 
method of rasterizing each part at every time step. For the purposes of the simulation, 
femoral component penetration into the tibial insert (due to wear and creep) was 
considered to be occurring at times when voxels of both rasterizations coincided. 
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Coincident voxels were determined at every time-step by computing the intersection set 
of the tibial insert and femoral component rasterizations using a Boolean AND operator. 
A global intersection set was used to maintain a record of voxel coincidences 
(intersections) and a count of occurrences measured in number of frames. 
Three measurements were recorded: total wear volume, depth of wear, and 
normalized wear exposure. Total wear volume was calculated as the total number of 
voxels in the global intersection set multiplied by the volume per cell (0.075
3
 mm
3
 = 
4.21875e-4 mm
3
). Depth of wear was computed by determining the distance from the 
articular surface of the tibial insert to each voxel in the global intersection set using a 
Euclidean distance transform. Normalized wear exposure, a relative measure of the tibial 
insert’s exposure to wear, was computed as the ratio the number of sequence frames for 
which a voxel experiences wear (voxel coincidences) to the total number of frames in the 
entire motion sequence. The normalized wear exposure may be useful in observing the 
relative rate at which some areas could potentially wear when compared with others, 
however, we do not attempt to predict the actual length of time required for this wear to 
occur.  
4.2.2 Dynamic Knee Replacement Phantom 
An anthropomorphic phantom was constructed for use in repeatable testing of the 
imaging equipment and wear measurements. An anatomical model of a femur and tibia 
(Sawbones, Pacific Research Laboratories Inc., WA, USA) with material and 
radiographic properties similar to bone was utilized. A TKR (Genesis II, Smith and 
Nephew, TN, USA) was implanted into the model by an experienced orthopaedic 
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surgeon. The TKR was a standard modular implant system that included a cemented 
femoral component (cobalt-chrome, size 4 left) and a cemented tibial component (size 3 
left) with a locking mechanism to receive size 3-4 PE tibial inserts of various thicknesses. 
Elastic tubing was used to mimic the collateral ligaments and ensure contact between the 
bearing surfaces. Tantalum markers (1 mm diameter) were implanted into the distal 
femur (n=8) and proximal tibia (n=8).  
The TKR phantom was attached to a six axis articulated robot (Model A465 Arm 
and C500C Controller, Thermo CRS Ltd., ON, Canada) in order to apply motion. The 
femur was rigidly attached to the end-effector of the robotic arm, and the tibia was 
immersed in a low-modulus silicone elastomer gel (Sylgard 527, Dow Corning, MI, 
USA) affixed to the same rigid base that supported the robotic arm, allowing the tibia to 
move within a limited range of motion relative to the femur. The robot was programmed 
to perform a repeated cycle of flexion/extension to the joint, intended to mimic the tibio-
femoral kinematics during a stair climb (step-up) maneuver. 
4.2.3 Imaging Setup and Acquisition 
A floor-mounted C-arm radiography system equipped with a flat-panel detector 
(Innova 4100, General Electric, WI, USA) was used for image acquisition. Views were 
acquired at a 32x32 cm
2
 field-of-view (FOV) with an image matrix of 800x800 pixels 
and an 8-bit pixel bit-depth. The source-to-detector distance was set to 120 cm for all 
experiments. The TKR phantom was positioned such that the joint remained within the 
FOV throughout the flexion cycle (Figure 4.1). To mimic tissue attenuation effects, a 
100 mm thick water bath was placed between the TKR phantom and the imaging system 
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detector during imaging acquisition. Acquisitions were at 30 fps, energy of 62 kVp and 
current of 14 mA, with 3 ms exposures.  
 
 
 
The dynamic single-plane radiography technique implemented herein is a marker-
based technique that estimates the 3D pose of an object from a 2D perspective 
radiograph.
13
 The technique requires two pieces of information as input to the registration 
problem. First is a local coordinate system that describes the relative locations of the 
markers within the object. Second is the perspective geometry of the projective 
radiography system, including the location of the image plane and the x-ray focus in a 
Figure 4.1: Experimental setup of the anthropomorphic knee phantom 
with total knee replacement implant, mounted to the robot, ready for 
imaging with the single plane dynamic radiography system. 
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common frame of reference. To generate the local coordinate system, a clinical CT scan 
of the TKR phantom was obtained, from which the location of the markers were 
determined. The perspective geometry of the radiography system was calibrated using a 
calibration cage, and custom calibration software.
14
 The 2D-to-3D registration process 
requires measuring the centroid of each marker projection within the 2D radiograph, 
defining projections lines between each measured centroid and the x-ray focal spot, then 
finally iteratively modifying the pose of the model until the perpendicular distance 
between each marker and its corresponding projection line is minimized. Custom 
software, described previously,
15
 was used to calculate the six degree-of-freedom (DOF) 
motion of the both the femoral and tibial segments from the acquired image sequences.  
The three-dimensional geometry of the implant components within the same 
coordinate system as the markers are also required as inputs for the dynamic wear 
measurement software. Using the same clinical CT volume from which the markers were 
localized, surfaces were generated of the femoral and tibial components. Due to artifact 
common in CT scans of dense metals,
16,17
 these surfaces were not of a high quality. CAD 
models of the implant components were obtained from the manufacturer, and were 
individually registered to the CT-derived femoral and tibial component geometries using 
an iterative closest points algorithm. The CAD model of the tibial insert was then 
registered to the tibial component, seated in its proper position. This resulted in high 
quality three-dimensional models of the implant geometry positioned within the same 
coordinate system as the markers. 
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4.2.4 Assessment of Measurement Bias 
To determine the bias in the wear measurements of the system, five new, unworn 
posterior-stabilized PE tibial inserts of 11 mm thickness were obtained. Each PE tibial 
insert was individually locked into the tibial component in the TKR phantom, and a 
dynamic series of radiographs were obtained while the phantom moved through its 
repeatable motion pattern. Dynamic imaging sequences were acquired three times with 
each PE tibial insert as the phantom moved through two repeated flexion/extension 
cycles, for a total of six cycles for each of the five PE tibial inserts. After processing with 
the 2D-to-3D registration software, all cycles were individually assessed with the wear 
measurement software. It was determined that a misregistration had taken place between 
the implant geometries and the markers, as the femoral component appeared to be 
positioned relative to the tibial insert in a manner inconsistent with the physical setup. As 
this error would be systemically applied across all measurements, it could be corrected 
for through an initial calibration step, taking advantage of the a priori information of how 
the various components were seated within the phantom (i.e. no wear had occurred), and 
applying consistent translational and rotational correction factors (Figure 4.2).  
The six cycles of one of the five inserts were selected for visualization. The 
correction factors were applied iteratively by the user while visualizing the relative 
positioning of the femoral component and tibial insert, in 0.1 mm increments for 
translations and 0.5-degree increments for rotations. A single rotational correction was 
applied to the tibial insert (of 0.5 degrees) to realign the tilt along the medial-lateral axis, 
resulting in a more equal penetration into the tibial insert by the medial and lateral 
condyles of the femoral component. A translational correction factor along the inferior-
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superior axis (i.e. controlling the degree of linear penetration of the components) was 
applied iteratively to the femoral component for the six cycles of one of the unworn tibial 
inserts. The correction factors were set so that only a few voxels of intersection appeared 
on the left and/or right side of the wear deviation map for each of the six cycles. This 
would result in a slight overestimation of apparent wear depth and volume, since in 
actuality there was no penetration into the tibial insert. An overestimation bias was 
determined to be preferential to an underestimation bias, as when an underestimate in 
translation occurs no wear is recorded, whereas an overestimation records wear. The 
maximum amount of correction (1.4 mm) across the six cycles was chosen as the 
inferior-superior correction factor, and was subsequently applied for the dynamic 
measurements from all cycles of the five tibial inserts.  
A second translational correction was required, along the medial-lateral axis. For 
single plane imaging, it is well known that measurements in the out-of-plane direction 
(i.e. the medial-lateral axis in this study) are less accurate than those in the in-plane 
direction. In the context of this study, these errors could result in the appearance of the 
femoral component intersecting with the stabilizing post of the PE tibial insert, which is 
generally a physical impossibility.
18
 To overcome this, the translations in the medial-
lateral axis were fixed to their median value, and a correction factor was set to ensure 
there was no tibial post intersection in the analysis of each cycle. Since the natural knee 
joint contains a number of tendons and ligaments which inhibit medial-lateral joint 
movement (consistent with out-of-plane motion in this study), it has been noted that the 
measurement error from assuming that there is no out-of-plane translation between the 
femoral and tibial components will be less than the error from the imaging-based estimate 
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of the relative motion.
19
 In contrast to the previous correction factors, the medial-lateral 
correction factor was determined for each cycle, rather than uniformly applied. 
 
 
Wear volume and maximum wear depth were recorded for each cycle from the 
five tibial inserts. As all of the tibial inserts were new, unworn samples, they have no true 
wear. However, the bias was set to ensure that some intersection between the femoral 
component and tibial insert would be measured, slightly over-estimating the amount of 
wear volume. The means of wear volume and maximum wear depth across the repeated 
cycles for each of the five tibial inserts was calculated as a measure of the system’s 
Figure 4.2: Demonstration of the translational correction factors used to initialize 
the implant geometry registration. The femoral component is shown in red, and the 
tibial insert is shown in white. A: Before the corrections, the femoral component is 
incorrectly located both in the medial-lateral plane, resulting in post intersection 
(horizontal arrows), and in the superior-inferior plane, so that the femoral 
component appears to hover above the tibial insert (vertical arrows). B: After the 
recalibration, the appropriate gap is recreated in the medial-lateral plane (horizontal 
arrows) and contact is created between the femoral component and tibial insert in 
the superior-inferior plane (vertical arrows). 
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measurement bias. Since the tibial inserts were all new, the amount of wear volume and 
maximum wear depth would not be expected to vary between the five inserts. To assess 
the difference in wear volume and maximum wear depth between tibial inserts, a 
repeated-measures one-way ANOVA with Tukey post-hoc test was used. A paired t-test 
(two tailed) was used to examine for a difference in maximum wear depth laterally and 
medially. 
4.2.5 Assessment of Sensitivity to Volume Change 
To ensure that the system can accurately measure wear volume, a series of worn 
inserts with known amounts of wear volume that fall within the motion of the robotic 
knee phantom was required. One of the previous trials with an unworn insert was 
selected, and the inferior-superior (penetration) correction factor was increased to 
generate apparent worn regions to five different volumes, which would correspond to a 
range of implantation times. Surface files were produced from the deviation maps and 
used to fabricate tibial inserts with those wear patterns in high-density polyethylene using 
a numerically controlled mill. Three additional unworn tibial inserts were also milled 
based on the CAD model, to be used as controls for determining the accuracy and 
precision of the milling. Both the unworn and worn tibial inserts were scanned with 
micro-CT for deviation analysis, as in previously described studies.
20,21
 Deviation maps 
were generated, to quantify the wear volume (against the milled unworn tibial inserts) in 
the case of the milled worn tibial inserts, and to measure the manufacturing error (against 
the original CAD model) in the case of the unworn tibial inserts. The variability between 
the milled unworn inserts was better than ±0.050 mm, however they were on average 
0.440 mm thicker than the CAD model. The final worn volumes of the milled worn 
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inserts were 104, 182, 346, 462, and 619 mm
3
, corresponding to approximately 2, 4, 7, 9, 
and 12 years worth of wear, respectively, at a wear rate of 50 mm
3
/year.
22
  
The tibial inserts were imaged with the dynamic radiography system, in the same 
manner as previously described. Images were acquired three times for each of the tibial 
inserts as the phantom moved through two repeated flexion/extension cycles, for a total 
of 6 cycles per insert. Each cycle was processed with the 2D-to-3D registration software 
to obtain its motion. Initialization of the alignment between the markers and implant 
geometries occurred as previously described based on the milled unworn tibial inserts, 
and new geometry initialization factors were determined, as the milled inserts were 
slightly thicker than the previously examined manufactured tibial inserts. Wear volume, 
maximum wear depth, and frequency of component intersection were calculated for each 
cycle of the three milled unworn tibial inserts and five milled worn tibial inserts. The 
dynamic measurements of wear volume and maximum wear depth of the milled worn 
inserts were compared to the true wear volume and maximum wear depth as determined 
with micro-CT, using two-tailed paired t-tests. The correlation between the dynamic and 
micro-CT measurements of both wear volume and maximum wear depth was determined 
using linear regression. The ability of the technique to measure the difference in wear 
volume and maximum wear depth between the milled worn and unworn tibial inserts was 
assessed with a repeated-measures one-way ANOVA with Tukey post-hoc tests. A paired 
t-test (two tailed) was used to compare the lateral and medial maximum wear depths. 
Finally, Bland-Altman plots were used to assess bias between the micro-CT and dynamic 
imaging measurements of wear volume and depth. 
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Table 4.1: Wear volume and maximum wear depth in the manufactured unworn, milled unworn, 
and milled worn tibial inserts. 
 
Volume 
Measured 
Volume 
Lateral 
Maximum 
Depth 
Measured 
Lateral 
Maximum 
Depth 
Medial 
Maximum 
Depth 
Measured 
Medial 
Maximum 
Depth 
Unworn 
UA 0.000 60.0 ± 66.3 
(16.2-184.7) 
0.000 0.464 ± 0.276 
(0.237-0.960) 
0.000 0.373 ± 0.141 
(0.225-0.623) 
UB 0.000 3.6 ± 4.2 
(0.119-11.5) 
0.000 0.207 ± 0.038 
(0.150-0.237) 
0.000 0.180 ± 0.097 
(0.000-0.270) 
UC 0.000 15.0 ± 16.5 
(2.9-41.8) 
0.000 0.285 ± 0.102 
(0.212-0.450) 
0.000 0.156 ± 0.126 
(0.000-0.270) 
UD 0.000 27.1 ± 55.1 
(1.8-139.5) 
0.000 0.297 ± 0.186 
(0.184-0.650) 
0.000 0.209 ± 0.196 
(0.000-0.525) 
UE 0.000 5.1 ± 2.3 
(1.8-7.1) 
0.000 0.229 ± 0.067 
(0.168-0.344) 
0.000 0.230 ± 0.023 
(0.212-0.270) 
Milled Unworn 
MUA 0.000 27.0 ± 5.4 
(18.8-33.5) 
0.000 0.479 ± 0.062 
(0.3897-
0.546) 
0.000 0.298 ± 0.052 
(0.237-0.367) 
MUB 0.000 35.0 ± 34.9 
(2.8-98.5) 
0.000 0.410 ± 0.126 
(0.225-0.576) 
0.000 0.309 ± 0.162 
(0.168-0.623) 
MUC 0.000 28.2 ± 12.5 
(10.1-43.4) 
0.000 0.455 ± 0.085 
(0.309-0.551) 
0.000 0.276 ± 0.177 
(0.000-0.525) 
Milled Worn 
MWA 103.8 62.0 ± 21.4 
(30.8-93.7) 
0.377 0.488 ± 0.072 
(0.404-0.605) 
0.352 0.260 ± 0.059 
(0.168-0.318) 
MWB 181.6 161.9 ± 34.2 
(130.3-206.0) 
0.476 0.833 ± 0.127 
(0.683-0.978) 
0.501 0.605 ± 0.115 
(0.474-0.772) 
MWC 346.2 301.4 ± 52.5 
(244.8-391.1) 
0.662 0.913 ± 0.101 
(0.754-1.003) 
0.659 0.643 ± 0.057 
(0.546-0.687) 
MWD 462.1 383.6 ± 50.4 
(301.9-440.3) 
0.764 1.072 ± 0.108 
(0.952-1.239) 
0.850 0.890 ± 0.146 
(0.776-1.169) 
MWE 619.0 638.5 ± 66.8 
(565.8-751.7) 
0.877 1.227 ± 0.103 
(1.150-1.423) 
0.932 1.077 ± 0.133 
(1.006-1.344) 
Volumes are in mm
3
. Depths are in mm. Measurements are listed as mean ± standard deviation (minimum 
– maximum). U = unworn. MU = milled unworn. MW = milled worn. 
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4.3 Results 
4.3.1 Assessment of Wear Measurement Bias 
The mean of the measured wear volumes for the five (manufactured) unworn 
tibial inserts was 22.2 ± 39.3 mm
3
 (Table 4.1). No significant difference in wear volume 
was found between the five unworn tibial inserts (p > 0.05). The mean of the measured 
maximum wear depths was 0.30 ± 0.16 mm laterally and 0.23 ± 0.13 mm medially. There 
was no significant difference in maximum wear depth medially, however one of the tibial 
inserts had a significantly greater maximum wear depth on the lateral side than one of the 
other tibial inserts (UA vs. UB, p < 0.05). The maximum wear depth was significantly 
greater laterally than medially (p = 0.01). 
4.3.2 Assessment of Sensitivity to Volume Change 
The mean of the measured wear volumes for the three milled unworn tibial inserts 
was 30.1 ± 21.6 mm
3
 (Table 4.1). No significant difference in wear volume was found 
between the three milled unworn tibial inserts, or between the three milled unworn tibial 
inserts and the five manufactured unworn tibial inserts (p > 0.05). The mean of the 
measured maximum wear depths was 0.45 ± 0.09 mm laterally and 0.29 ± 0.13 mm 
medially. There was no significant difference in maximum wear depth laterally or 
medially between the three milled unworn tibial inserts. However, two of the milled 
unworn tibial inserts had significantly greater (p < 0.05) maximum wear depths than two 
of the manufactured unworn tibial inserts: MUA vs. UB, MUA vs. UE, and MUC vs. UB. 
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The maximum wear depth was significantly greater laterally than medially (p < 0.0001) 
for the three milled unworn tibial inserts. 
There was no significant difference (p = 0.58) between the dynamically measured 
wear volumes and the true wear volumes that were measured by micro-CT (Table 4.1). 
Likewise, strong correlation (r
2
 = 0.97, slope significantly different from zero at 
p < 0.0001) was found between the dynamic wear volumes and micro-CT derived wear 
volumes (Figure 4.3). No significant difference (p > 0.05) in wear volume was found 
between the three milled unworn tibial inserts (MUA, MUB, and MUC) and the first 
incremental milled worn tibial insert (MWA). However, significant differences in wear 
volume were found between subsequent incremental milled worn tibial inserts: MWA vs. 
MWB (p < 0.01), MWB vs. MWC (p < 0.001), MWC vs. MWD (p < 0.05), and MWD 
vs. MWE (p < 0.001). All non-consecutive tibial insert volume comparisons (e.g. MWA 
vs. MWD) were also significantly different (p < 0.001). The overall precision of the wear 
volume measurements across the repeated cycles of both the manufactured and milled 
unworn tibial inserts and the milled worn tibial inserts (i.e. mean of the between-cycle 
standard deviations) was ±39.7 mm
3
. The Bland-Altman test (Figure 4.4A) identified a 
mean underestimation bias of -9.4 ± 54.7 mm
3
 (95% limits of -116.5 to 97.7 mm
3
). 
Maximum wear depth (Table 4.1) was significantly overestimated both laterally 
(p < 0.0001) and medially (p = 0.045). Excluding the milled unworn tibial inserts, the 
maximum wear depth was still significantly overestimated laterally (p = 0.004), but not 
medially (p = 0.44) by the dynamic measurements. The maximum wear depth was 
significantly greater (p < 0.0001) laterally than medially in both cases, however no 
significant difference (p = 0.236) was measured between sides with micro-CT for the 
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milled worn inserts. Correlation was again strong (Figure 4.3) between the dynamic 
measurements and the true (micro-CT) maximum wear depths, laterally (r
2
 = 0.90, slope 
significantly non-zero at p = 0.0004) and medially (r
2
 = 0.86, slope significantly non-zero 
at p = 0.0009). In all cases laterally, the measured maximum wear depth was 
overestimated and increased between sequential tibial inserts. However, the only 
significant difference in maximum wear depth between consecutive inserts was between 
inserts MWA and MWB (p < 0.001). Medially, the maximum wear depth decreased 
between the three milled unworn inserts (MUA, MUB, MUC) and the first of the milled 
worn inserts (MWA), but then increased between the remaining sequential tibial inserts. 
Maximum wear depth was underestimated in inserts MWA and MWC, and overestimated 
in inserts MWB, MWD, and MWE. Between consecutive inserts, maximum wear depth 
was not significantly different between MWB and MWC, but was significantly different 
for all remaining consecutive inserts (p < 0.001 for MWA vs. MWB, p < 0.01 for MWC 
vs. MWD, and p <0.05 for MWD vs. MWE). The overall precision of the maximum 
wear-depth measurements, laterally and medially across the repeated cycles of both the 
manufactured and milled unworn tibial inserts and the milled worn tibial inserts (i.e. 
mean of the between-cycle standard deviations), was ±0.126 mm. Laterally, the Bland-
Altman test (Figure 4.4B) identified a mean overestimation bias of 0.340 ± 0.146 mm 
(95% limits of 0.055 to 0.625 mm). On the medial side, the Bland-Altman test (Figure 
4.4C) identified a mean overestimation bias of 0.133 ± 0.182 mm (95% limits of -0.225 to 
0.491 mm). 
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The shape of the wear patterns as determined by the dynamic measurements 
generally appeared visually similar to those from micro-CT on the lateral side of the tibial 
insert, with less similarity on the medial side (Figure 4.5). The visual similarities 
appeared to increase for the greater volumes of wear. In all cases, the area covered by the 
wear patterns generated from the dynamic measurements was less than the area covered 
by the wear patterns measured by micro-CT. This was most apparent on the medial side. 
The maps of frequency of component intersection revealed a greater frequency of 
Figure 4.3: Correlation between the micro-CT measurements and dynamic wear 
measurements for wear volume (A), lateral maximum wear depth (B), and medial 
maximum wear depth (C). The dashed line represents the line of unity. 
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intersection along the middle-rear of the tibial inserts (Figure 4.6). A lesser frequency of 
intersection appeared towards the fringes of the wear patterns. 
 
 
Figure 4.4: Bland-Altman plots between the micro-CT measurements and dynamic 
wear measurements for wear volume (A), lateral maximum wear depth (B), and 
medial maximum wear depth (C). The dashed lines represent the upper and lower 95% 
limits of agreement. The solid line represents the mean bias. 
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Figure 4.5: Wear maps of the five milled worn tibial inserts. A: MWA. B: MWB. C: 
MWC. D: MWD. E: MWE. Left column is the depth (mm) from the micro-CT 
measurements. Center column is the wear pattern outline determined by the dynamic 
measurements. Right column is the depth (mm) from the dynamic measurements. Note 
that the dynamic depth maps (right column) are viewed from the bottom, and the other 
maps (left and center columns) are viewed from the top. Note also that micro-CT 
measurements are on a negative scale, and dynamic measurements are on a positive 
scale. 
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4.3 Discussion 
The dynamically measured wear volumes were not significantly different from the 
true wear volumes. From the wear maps and measurements of maximum wear depth, it 
appears however that wear was overestimated laterally and underestimated medially. 
Although wear volume was not calculated by side with the dynamic technique, it likely 
follows that wear volume was also overestimated laterally and underestimated medially, 
thereby resulting in an overall total volume similar to that of the micro-CT 
measurements. The Bland-Altman plots revealed a bias range that included 
underestimations for both wear volume and medial depth, with only an overestimation 
Figure 4.6: Intersection frequency map from one acquisition cycle for 
the most worn milled tibial insert (MWE). Scale is the percentage of 
image frames in which the voxel was intersected, from least 
intersections (blue) to most intersections (yellow). In this acquisition, 
the most frequently intersected voxels were intersected in 91% of the 
image frames. 
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bias for lateral depth. Regardless of this, strong correlation was seen between the 
dynamic measurements and the true values for wear volume (r
2
 = 0.97), maximum wear 
depth laterally (r
2
 = 0.90), and maximum wear depth medially (r
2
 = 0.86). For the wear 
volume measurements (which were the primary outcome for this study), significant 
differences were found between sequential volume increases of the milled worn tibial 
inserts. These results suggest that the dynamic wear measurement technique is capable of 
measuring changes in wear volume, and would be able to differentiate between sequential 
changes to volume, such as changes in wear volume across periodic measurements in a 
clinical trial with patients.  
A threshold for the wear volume measurements likely exists, below which the 
technique cannot differentiate between volume differences. The overall precision of the 
wear volume measurements was ±39.7 mm
3
, and no significant difference was found 
between the three milled unworn inserts (mean volume range 27.0 to 35.0 mm
3
) and the 
first of the milled worn inserts (mean volume 62.0 mm
3
). Significant differences were 
however found between the remaining sequential and non-sequential milled tibial insert 
wear volumes. Wear rates are implant design dependent, reported variously from 
44 mm
3
/year in a retrieval study of mobile bearing implants to approximately 
100 mm
3
/year in an RSA-based study of patients with fixed bearing implants.
10,22
 For this 
study, a virtual wear rate of approximately 50 mm
3
/year was set, i.e. one year of 
implantation time was considered to have been added to each milled worn tibial insert for 
every 50 mm
3
 of wear volume that was milled. At 104 to 619 mm
3
 of wear volume for 
the milled worn tibia inserts, the virtual implantation times ranged from 2 to 12 years. 
Based on this, the wear rate measured by the dynamic technique (mean volume of the 
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milled worn tibial inserts divided by mean virtual implantation time) was 46 mm
3
/year, 
slightly lower than the true virtual wear rate of 50 mm
3
/year.  
To our knowledge, this is the first fully dynamic technique to measure wear of 
total knee replacements. Previous reports have utilized model-based RSA to measure 
wear of total or unicompartmental knee replacement wear in either a static (at full 
extension) or quasi-static (at extension and under flexion) manner.
6,8,10,11,23
 This type of 
measurement (static or quasi-static) may underestimate implant wear should the angle of 
flexion measured not correspond to the location of the deepest penetration.
6
 In all but one 
case,
10
 the wear measurements were of linear penetration and not wear volume, yet wear 
volume is useful for estimating the amount of osteolysis-generating debris released due to 
wear.
24
 The measurements of linear penetration in these previous studies can be 
compared to the maximum wear depth in this study, which demonstrated an overall 
precision of 0.126 mm. The precision (1*SD) of the model-based RSA techniques has 
been reported as 0.100 to 0.170 mm across the various studies.
6,8,10,11,23
 It has been 
previously noted that a precision of 0.200 mm is more than adequate for clinical 
applications.
23
 The study that measured wear volume in addition to linear penetration did 
so in patients, and did not directly validate the volume measurements. Instead, the 
accuracy of the system for measuring linear penetration was determined, and assumed to 
be accurate for volume. Likewise, since the volumes were measured in patients, there 
were no repeated measurements and thus no precision for the volumes measurements was 
reported. In contrast, a strength of the present study is that the wear volumes measured 
with the technique were directly validated against the known wear volumes, and a 
precision for these measurements was also determined. This study is the first to use an 
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anthropomorphic knee phantom with a complete total knee replacement, including 
custom-fabricated interchangeable tibial inserts with known amounts of wear volume. 
Previous studies have used phantoms with ball bearings or plastic plates for validating 
linear penetration measurements, but these types of validations may not fully take into 
consideration the geometric complexities of a typical implant. 
Overall, the dynamic wear measurement technique would be expected to 
overestimate wear volume and maximum wear depth, as a result of the way the technique 
has been developed. First, the component geometries are rasterized into binary volumes 
of a set voxel size (0.075
3
 mm
3
), resulting in an overestimate in the number of 
intersections, as intersections of any size (e.g. a quarter of the full voxel) are discretized 
and counted as a full voxel intersection. Second, no thresholding of intersection 
frequency occurs for the measurements, so that as long as a voxel is intersected once in a 
series of frames, it counts towards the wear volume and wear depth. Although this can 
ensure that the entire worn region is calculated, it can also include erroneous intersections 
that occur from imprecision in the tracking of joint motion. Third, for recalibrating the 
implant geometry transforms, the maximum amount of correction determined from the 
unworn tibial inserts was used for all measurements, which served to increase wear depth 
and volume. Overestimation of wear has also been common to previous wear 
measurement validation studies.
23
 These issues can explain why there was an 
overestimation of wear volume and depth for the unworn tibial inserts (both 
manufactured and milled), and the consistent overestimation of wear depth on the lateral 
side of the milled worn tibial inserts. However, there was not a consistent overestimation 
of medial wear depth or of wear volume for the milled worn inserts. 
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The apparent overestimation of wear depth on the lateral side and underestimation 
on the medial side suggests that the femoral component was tilted relative to the tibial 
insert, in either the physical setup of the phantom, or in the model geometry used to 
measure the intersection of the implant components, or in both. The femur of the 
phantom was rigidly fixed to the end-effector of the robot, while the tibia of the phantom 
was potted in a low-modulus elastomeric gel so as to allow the tibia to move relative to 
the femur. Elastic tubing was attached to the medial and lateral sides of the femur and 
tibia in order to maintain contact between the femoral component and tibial insert. 
Although it was not impossible for small lift-offs to occur between the components, this 
setup would be expected to maintain relatively close approximation between the femoral 
component and tibial insert (i.e. minimal “laxity”). The relative locations of the implant 
geometries derived from the CT scan of the phantom were known to be erroneous, 
however, necessitating an initial geometric calibration of the component positions 
through uniform correction factors derived from the acquisitions of the unworn tibial 
inserts, for which the amount of wear was known a priori. An examination of the relative 
locations of the implant CAD models and the component isosurfaces derived from the CT 
scan revealed an apparent tilt to the femoral component as well as a vertical downward 
shift of the tibial component. As these positions for the implant components were used 
across all examinations, any errors (e.g. a tilt) would be seen across all of the results. This 
seemed to be the case, as the medial side had a consistently and significantly lower 
maximum wear depth than the lateral side for all of the tibial inserts. 
If the recalibration steps taken in this study to correct for erroneous implant 
geometry localization were not completely successful (and may not have been given the 
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apparent overestimation laterally and underestimation medially of the wear depths), then 
the errors in calculating implant component intersection would be carried forward into 
the milling of the worn tibial inserts. The wear patches in the milled worn inserts were 
generated based on the dynamic measurements of implant intersection of a separate 
manufactured unworn insert.  If the measured worn patches were not wholly 
representative of the true motion of the phantom and the actual intersection between 
components, the femoral component might not physically drop into the full area of the 
worn patches as the robot went through its motion cycle with the milled worn inserts. The 
dynamic wear measurements would therefore not see these areas of wear, 
underestimating the range of the wear patches on the wear maps, as well as 
underestimating the depth of the wear.  
This apparent misregistration of the implant geometries, necessitating the need for 
recalibration, is a limitation of the experimental approach taken in this study. The 
misregistration is primarily due to metal artifacts in the CT imaging that prevent accurate 
rendering (i.e. isosurfacing) of the implant geometries. Metal artifact reduction scanning 
protocols and reconstructions in CT imaging continue to evolve,
16,17
 and with such 
evolutions the quality of the implant surfaces taken from CT imaging will improve, 
removing the need for the recalibration approach taken in this study. More complex 
approaches for generating the implant surfaces and registering them to the implant CAD 
models can also be taken. For example, the outer surface of the femoral component 
geometry is more important than the inner surface for determining intersection with the 
tibial insert. Priority could therefore be given to ensuring an accurate representation of 
the outer surface is made during the isosurface generation from the CT scan, along with 
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selective registration between this geometry and the CAD model along landmarks taken 
from the outer surface of the femoral component. At present, the recalibration of the 
initial component geometries is performed in a rigorous manner, relying on the a priori 
information that the unworn components have zero wear. In the case of patient imaging, 
acquisitions would be obtained soon after surgery (i.e. between 6 weeks and 6 months) at 
which time no wear would have been expected to occur. From this point, the initial 
geometric correction factors determined in the recalibration from the original CT-based 
positions would be uniformly applied to all subsequent acquisitions. 
Alternatively, static biplane RSA could be used to obtain both the marker and 
implant geometries, using a hybrid point-based (for the markers) and model-based (for 
the implants) approach. RSA does not suffer from metal artifact issues in the manner of 
CT, therefore the implant geometries would likely be more accurately registered to the 
markers, such that the recalibration and correction factors used in this study would not be 
needed. If an RSA exam was taken at every time point alongside the dynamic imaging, 
the combined results could be used to evaluate micromotion of the implant components 
along with wear volume, wear depth, frequency of component intersection, and joint 
kinematics. The use of RSA instead of CT limits the potential application of this 
technique however, as RSA is limited to a few research centers, in contrast to the 
widespread availability of CT imaging.  
A further alternative would be to use an entirely model-based approach. Although 
common in implant research studies,
5
 the use of marker beads limits the population of 
participants that could be evaluated with the technique. Research into model-based and 
intensity-based motion tracking algorithms is an active field,
25,26
 and the current 
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technique could be adapted for markerless tracking in the future. However, marker-based 
tracking is currently the most accurate method, therefore adopting model-based or 
intensity-based tracking could increase the frame-to-frame tracking variability. 
With single-plane imaging, the out-of-plane direction is the least precise,
19
 and 
the out-of-plane translations were fixed to their median value for this study. Although this 
discards some information, the implant used for this study had a stabilizing post, thereby 
limiting true motion in that plane. It has been noted that the measurement error from 
assuming that there is no out-of-plane translation between the femoral and tibial 
components will be less than the error from the imaging-based estimate of the relative 
motion.
19
 In the context of this study, these errors would result in the appearance of the 
femoral component intersecting with the stabilizing post of the PE tibial insert, which is 
generally a physical impossibility.
18
 Recently, more advanced methods that handle the 
erroneous intersection of the femoral component and tibial post by automatically 
adjusting the translation along the medial-lateral axis have been published,
18
 and could be 
implemented with this technique.  
The present technique does not account for backside wear of the polyethylene 
tibial insert. Although backside wear can contribute to osteolysis,
24
 the articular surface is 
the primary location for wear.
4
 In addition, the technique primarily measures penetration 
of the femoral component into the tibial insert, which is a product of creep as well as 
wear, and therefore the technique may overestimate the true wear volume. It is believed 
that creep predominates during the first 12 to 24 months of implantation before 
stabilizing.
27
 Therefore, measurements obtained after this period are likely to be 
dominated by wear rather than creep, so the relative overestimation of wear versus creep 
  
130 
would diminish over time. These issues are also shared with all existing techniques that 
measure linear penetration.
8
 
Further work remains to optimize the present technique for routine in vivo use, 
primarily surrounding the accurate registration of the marker beads and implant 
geometries. Once optimized, the potential applications are numerous. Previous studies 
have reported on the measure of knee kinematics after joint replacement,
28,29
 and others 
have reported on the measurement of implant wear.
9,12
 The present technique is the first 
to allow kinematics and implant wear to be measured with the same modality, which will 
be ideal for evaluating new implant designs and obtaining long-term follow up of implant 
function. By using a clinical CT scanner and a common single-plane digital radiography 
system, the present technique is available to a wide range of hospitals and researchers, 
unlike other techniques that utilize highly specific biplane radiography systems and RSA 
facilities that are only available at select research institutions. However, because the 
calculation of the intersection of the implant components (and thus wear) is derived from 
the known implant geometries and information about the translations and rotations of the 
geometries throughout the knee joint flexion-extension cycle, any dynamic imaging 
technique (single-plane or biplane) could be used as inputs for the dynamic wear 
measurement. 
In summary, this study developed a method to measure wear volume and wear 
depth in TKR implant components using dynamic fluoroscopy data. For each frame of 
the fluoroscopy data, the relative location of the femoral component and tibial 
components were determined, and by using an unworn model of the tibial insert, the 
apparent intersection of the femoral component with the tibial insert was used to calculate 
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wear volume, wear depth, and frequency of intersection. A dynamic, anthropomorphic 
total knee replacement phantom with interchangeable components of known wear volume 
was created, and dynamic imaging was performed. Excellent correlation was found 
between the measured and true wear volumes and wear depths. The precision of the wear 
volume measurements was ±39.7 mm
3
, suggesting that the system may be able to 
accurately measure changes in wear volume above this threshold. The precision of the 
wear depth measurements was ±0.126 mm, comparable to the precision of static linear 
penetration measurements that have been reported as 0.100 to 0.170 mm. Although 
further work may be required to optimize the technique for routine in vivo use, it holds 
excellent potential for obtaining both kinematic and wear data from patients with a total 
knee replacement. 
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Chapter 5  
 
Conclusions and Future Directions 
 
5.1  Summary of Results 
Total knee arthroplasty (TKA) is an increasingly performed surgical procedure to 
treat advanced osteoarthritis.
1,2
 Although TKA has been performed with widespread 
success, certain limitations exist that can decrease the longevity of the implant. Over time 
polyethylene wear may occur, causing an inflammatory process that leads to osteolysis 
and aseptic loosening of the prosthesis, requiring a revision surgery to replace the 
device.
3
 This had lead many researchers to study the wear process in vitro, usually 
through wear simulators that mimic normal human gait, or by examining retrieved failed 
implants.
4,5
 Wear can be determined visually using a stereomicroscope, or quantified 
using coordinate measuring machines (CMM) and laser scanners.
6-8
 Unfortunately, these 
techniques may not be able to quantify wear in certain regions (such as the backside of 
the tibial insert), or can only do so at a limited resolution. Micro-computed tomography 
(micro-CT), a non-destructive high-resolution imaging technique, provides detailed three-
dimensional images of scanned objects in addition to volumetric measurements, and may 
be able to provide enhanced wear measurements in vitro.  
For in vivo patient wear measurement, the space between the femoral and tibial 
components, viewed on anteroposterior radiographs with the patient standing in full knee 
extension, has been used as a measurement of tibial insert wear.
9
 However, this 
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measurement suffers from poor repeatability, requires a large change in the PE bearing 
thickness to be noticeable, and assumes that the wear volume primarily occurs at full 
extension, which may not be the case due to femoral rollback. Radiostereometric analysis 
(RSA) has also been used to perform similar measurements of the linear penetration of 
the femoral and tibial components at full extension, for both TKR and unicompartmental 
knee replacement (UKR).
10-12
 While RSA offers a greater accuracy than standard 
radiographs, it too suffers from the potential inaccuracy of ignoring wear that occurs 
during greater degrees of flexion. More recent RSA studies have utilized a quasi-static 
approach to measure the linear penetration over sequential degrees of flexion and sum the 
extrapolated wear volumes (in TKR) or determine the minimum bearing thickness (in 
UKR).
13-15
 However, questions remain regarding the validity of this approach and its 
broader applicability to the many geometrically complex implant designs that are 
currently available. Dynamic radiography, particularly single plane dynamic radiography 
that is widely available in hospitals, could hold the potential to overcome these 
limitations. 
In Chapter 2, titled “In Vitro Quantification of Wear in Polyethylene Tibial Inserts 
Using Micro-Computed Tomography”, a technique to measure wear in TKA components 
that have been retrieved from patients or have undergone wear simulator testing was 
described and validated. The hypothesis that that micro-CT would provide volumetric 
measurements equal to those of gravimetric analysis was found to be correct. Six unworn 
and six wear-simulated polyethylene tibial inserts were evaluated. Each insert was 
scanned three times using micro-CT at a resolution of 50 µm. The insert surface was 
reconstructed for each scan and the insert volume was calculated. Gravimetric analysis 
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was performed for all inserts, and the micro-CT and gravimetric volumes were compared 
to determine accuracy. The feasibility of creating 3D surface deviation maps was also 
examined. Micro-CT generated high quality 3D renderings of the insert surface 
geometry. Between-scan precision was 0.07% and no significant difference was found 
between micro-CT and gravimetric volume measurements. A 3D surface deviation map 
was successfully created to quantify articular and backside surface deviations. Micro-CT 
can provide precise and accurate volumetric measurements in addition to quantifiable 3D 
surface deviation maps for the entire insert surface.  
Retrieval studies require an accurate reference geometry in order to correctly 
quantify wear. In Chapter 3, titled “Optimization and Application of Reference 
Geometries for Measuring Wear in Retrieval Studies of Polyethylene Tibial Inserts”, 
methods for creating reference geometries with minimal error are detailed and applied to 
a retrieval study. The hypothesis that a geometry derived from micro-CT scanning and 
averaging multiple new specimens would be superior to alternative methods was found to 
be correct. In the first study, never-implanted tibial inserts were scanned with micro-CT. 
Two, three, or six insert surfaces were co-aligned and averaged to create reference 
geometries. Individual inserts were compared to each other (manufacturing variability) 
and to the reference geometries (reference variability). The 3D deviations between the 
surfaces were recorded. The reference variability was reduced to 8.3 ± 39 µm, versus 
manufacturing variability of 15 ± 59 µm. Deviations were smallest on the articular 
surfaces where the majority of wear occurs, and were significantly less than the reported 
insert wear rate of 20 µm/year. Averaging multiple insert geometries significantly 
reduced deviations and spread them evenly across the insert surfaces.  
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In the second study within Chapter 3, similar methods were applied to determine 
whether CAD models of the tibial inserts could be utilized as a reference geometry for 
two designs: posterior-stabilized (PS) and cruciate-retaining (CR). The inserts were 
scanned and reconstructed using micro-CT. Surface deviations were quantified between 
the individual inserts, and between the inserts and a CAD model, a scaled CAD model, 
and multiple inserts averaged together. Mean articular deviations between the individual 
scanned CR inserts and the CAD model, scaled CAD model, and averaged geometry 
were –25.7, –14.4, and 1.4 µm, respectively. Mean articular deviations between the 
individual scanned PS inserts and the CAD model, scaled CAD model, and averaged 
geometry were –36.8, –36.1, and –0.4 µm, respectively. Baseline deviation between CR 
inserts was –10.4 µm and between PS inserts was 9.7 µm. Therefore, using a reference 
geometry constructed from multiple scanned inserts will provide a better estimation of 
the pre-implantation geometry than that obtained from a single insert or a CAD model. 
In the third study within Chapter 3, the knowledge acquired in the previous 
studies enabled the accurate measurement of wear in retrieved Genesis II tibial inserts. 
The hypothesis that using the micro-CT scanned and averaged reference geometry would 
most enable measurements of damage features on the retrieved components was found to 
be correct. Sixteen Genesis II inserts (mean implantation time of 32 months) were 
scanned and their surface geometries were reconstructed. Retrieved inserts were co-
aligned to a reference geometry (either a CAD model or reverse engineered by averaging 
five unworn inserts), and the surface deviations from wear plus creep were determined. 
Contrast between damage features and the background insert surface was greater in 
deviation maps using the reverse engineered model than those using the CAD model. 
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Maximum penetration was significantly greater using the CAD model versus the reverse 
engineered model by an average of 0.020 mm, both medially (p=0.029) and laterally 
(p=0.024). No significant difference was found between the CAD and reverse engineered 
models for penetration rate. Using the reverse engineered model, penetration rate for 
inserts implanted >1 year was 0.098 mm/year, decreasing to 0.038 mm/year for inserts 
implanted >2 years, in line with other contemporary implants. Wear and creep of the 
Genesis II tibial insert was comparable to reported values in other implants. While 
retrieval studies of other sizes and models are required to provide a more complete 
understanding of wear in this implant, this was the first time micro-CT was applied to 
study tibial inserts retrieved from patients undergoing revision surgery. The clinical 
significance of reference geometry choice may be negligible for penetration rate 
calculations in retrieval studies, but deviation maps constructed from the reverse 
engineered model allow better visualization and quantification of specific damage 
features (pits and scratches). 
Finally, in Chapter 4, entitled “In Vivo Dynamic Measurement of Total Knee 
Replacement Polyethylene Wear: A Phantom Study”, the issue of measuring implant 
wear within patients, rather than in retrieved or wear-simulated specimens, is addressed. 
A method to measure wear volume and wear depth in implant components using dynamic 
single-plane fluoroscopy data was developed. The hypothesis that the dynamic single-
plane radiography technique would provide accurate measurements of wear volumes in 
the robotic phantom was found to be correct. For each frame of the fluoroscopy data, the 
relative location of the femoral component and tibial components were determined, and 
by using a numerical model of the unworn tibial insert, the apparent intersection of the 
  
140 
femoral component with the tibial insert was used to calculate wear volume, wear depth, 
and frequency of intersection. A dynamic, anthropomorphic total knee replacement 
phantom with interchangeable, custom-fabricated components of known wear volume 
(based on micro-CT measurements) was created, and dynamic imaging was performed. 
No significant difference was found between the measured and true wear volumes, with 
excellent correlation between the two (r
2
 = 0.97). Wear depth was significantly 
overestimated laterally (p < 0.0001) and medially (p = 0.045), but with good correlation 
to the true depths (r
2
 = 0.90 laterally, 0.86 medially). The precision of the measurements 
was ±39.7 mm
3 
for volume and ±0.126 mm for wear depth. The results suggest the 
system may be capable of tracking wear volume changes across multiple time points in 
patients. As a dynamic technique, it can provide both kinematic and wear measurements 
that may be useful for evaluating implant designs for total knee replacements. 
 
5.2  Related Future Directions 
The successful validation of micro-CT for use in wear measurement, along with 
the development of error-minimizing reference geometries, will enable numerous studies 
to take place. These studies include wear analysis of components from wear simulator 
trials as well as retrieval studies. Micro-CT can be used to reverse engineer component 
geometries, for a wide variety of applications. One of these applications is computational 
wear simulation, enabling the rapid development and testing of implant designs “in 
silico” before moving into more expensive and time-consuming in vitro and in vivo 
testing.
32
 Such studies can be performed for TKA, as described in the preceding chapters, 
but also for UKA, THA and other types of arthroplasty that utilize polyethylene 
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components. Finally, the dynamic radiography technique will enable the evaluation of in 
vivo TKA wear across a number of implant designs, in addition to joint kinematics. 
5.1.1 Wear Simulator Studies 
As described in Chapter 2, the evaluation of worn components from wear 
simulator trials is a primary application of the micro-CT technique. Micro-CT can be 
used to evaluate the overall volume of the component, the deviations across the entire 3D 
surface of the component (e.g. articular and backside surfaces of a tibial insert), the 
volume of the 3D deviations, and any subsurface changes within the component material. 
The implant components that are to undergo wear simulator testing would be scanned 
with micro-CT before beginning the wear trial, so that the accurate geometry of the pre-
worn components will be known. Any surface deviations measured after testing can then 
be attributed to the wear trial, not to manufacturing variability between the components, 
as might occur with retrieved implants. As a non-destructive technique, the components 
can be scanned at any point within the wear trial, such as every (or every few) million 
cycles. Assuming the density of the components is known, the volume of the component 
as measured by micro-CT can be compared to its mass as measured by gravimetric 
analysis, thereby ensuring the accuracy of the micro-CT technique. Although TKA is the 
focus of this thesis, arthroplasties for any other joint that utilize a polyethylene bearing 
can be assessed with micro-CT, including the hip, shoulder, and spine. Other materials 
may also be assessed, such as polyether ether ketone (PEEK). We have recently used 
micro-CT to evaluate PEEK material used in a pin-on-disk trial for its application in 
shoulder arthroplasty (Figures 5.1 and 5.2).  
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5.1.2 Implant Retrieval Studies 
Retrieval studies are another of the primary applications of micro-CT. As with 
wear simulator studies, micro-CT can be used to evaluate the overall volume of the 
component, the deviations across the entire 3D surface of the component (e.g. articular 
Figure 5.2: Surface deviation maps from micro-CT of a PEEK disk (A) 
and pin (B) after pin-on-disk material testing. 
 
Figure 5.1: Surface reconstructions from micro-CT of a PEEK disk (A) 
and pin (B) before pin-on-disk material testing. 
 
  
143 
and backside surfaces of a tibial insert), the volume of the 3D deviations, and any 
subsurface changes within the component material. Making use of an implant retrieval 
library, such as the one at the London Health Sciences Centre, many different 
comparisons and evaluations can be made of failed clinical implants. The three initial 
areas of focus will be the wear properties of devices from TKA, UKA, and THA. For 
TKA, potential studies include the comparison of mobile and fixed-bearing tibial inserts, 
and comparisons of the cruciate-retaining, posterior-stabilizing, and high-flexion tibial 
inserts. For UKA, potential studies similarly include the evaluation and comparison of 
mobile and fixed-bearing prostheses. For THA, potential studies include comparison of 
highly cross-linked versus standard polyethylene acetabular liners, and the evaluation of 
wear in liners used with an Oxinium femoral head versus a standard cobalt-chromium 
femoral head. We have used micro-CT to visualize subsurface cracks in retrieved 
polyethylene tibial inserts (Figure 5.3), quantify notching due to micromotion in the 
unsupported rim of a retrieved polyethylene acetabular liner (Figure 5.4), and measure 
surface deviations in a retrieved highly cross-linked polyethylene liner in a case of 
suspected osteolysis (Figure 5.5).  
 
Figure 5.3: A planar image taken from a micro-CT scan of a retrieved 
polyethylene tibial insert, demonstrating subsurface cracking (arrows). 
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Figure 5.4: Three-dimensional rendered volume images of liners scanned 
with micro-CT including (A) superior-lateral view, (B) direct lateral view 
and (C) inferior view of the notches (arrows) in the unsupported rim of 
retrieved polyethylene acetabular liners. 
 
Figure 5.5: A highly cross-linked polyethylene acetabular liner, retrieved 
from a patient after 10 years implantation, and assessed for surface 
deviations due to wear and creep using micro-CT. 
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5.1.3 Reverse Engineering of Component Geometries 
Highly accurate geometric models of implant components are required for many 
applications, including model-based RSA, dynamic fluoroscopy (both biplane and single-
plane), computational modeling, and finite element analysis. In some cases, CAD models 
are available for use as geometric representations of the implant components. However, 
for older implants CAD models may not be available, or may not be of sufficient 
accuracy for the application that requires them. In such cases, reverse engineering to 
create a virtual model of a manufactured component is required. Micro-CT is highly 
suitable for this purpose, particularly for low to moderately dense materials (such as 
polyethylene and PEEK) as well as certain types of metals (such as titanium). We have 
reverse engineered a number of components including tibial base plates, screws, and 
locking plates (Figure 5.6). Reverse engineering of component geometries is also highly 
suitable for additive manufacturing and rapid prototyping. Applications include obtaining 
the geometry of an existing object so that it can be modified and manufactured, and to 
assess the accuracy of a manufactured component against its CAD model. 
 
Figure 5.6: A titanium osteotomy plate (A) scanned with micro-CT to 
generate a surface geometry (B). 
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CT scans of denser metal objects such as a cobalt-chrome femoral component 
from TKA (Figure 5.7) frequently incur artifacts. These artifacts relate to physical effects 
such as scattered radiation and beam hardening.
16
 A number of solutions can be 
implemented to reduce or eliminate the artifacts, ranging from modifications to the 
scanning protocol to advanced reconstruction correction algorithms.
16
 Our group has 
implemented the use of higher energy protocols and copper filtration to attempt to reduce 
the artifacts in certain applications. However, artifacts still remain with certain metals 
(such as cobalt-chrome), therefore more work will need to be done before micro-CT can 
be used to obtain reverse engineered models of the full range of orthopaedic implants.  
 
5.1.4 Dynamic Wear Measurement 
The validation of the single plane radiography method for wear measurement 
must now move from in vitro experiments with a robotic phantom to actual in vivo 
measurements with patients. As wear develops over a number of years of activity, these 
projects will require a significantly longer timeline for completion, similar to RSA 
Figure 5.7: A cobalt-chromium femoral component from a total knee 
implant (A) scanned with micro-CT, demonstrating streaking artifact 
characteristic of dense metal objects (B). 
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clinical trials. However, useful information can be obtained from the technique as early 
as one year after the TKA surgery. Since no significant wear is expected within the first 
year of implantation (during which creep predominates), any volume of wear measured 
by the technique at one year can be considered erroneous and will thus provide an idea of 
the accuracy of the technique in vivo. Furthermore, measurements of knee joint 
kinematics can be performed from the same image acquisitions used to measure wear 
volume, enabling other studies to take place at the same data. Typical studies using this 
technique would be similar to those for retrieval studies, comparing wear in different 
implant designs, such as fixed versus mobile bearing, or standard versus high flexion. 
Thus far, the technique has been validated for use with TKA implants. However, UKA is 
another potential area of research for which the technique could be adapted. Kinematics 
and wear would be measured in the same manner as with the TKA implants. 
A limitation of the technique is the need for marker beads to be implanted around 
the joint to enable motion to be tracked. Alternative motion tracking methods such as 
intensity-based and model-based methods have been described in the literature. These 
methods take advantage of the geometry of the bones (intensity based) or implants 
(model based) to track motion, and do not require marker beads. Using these methods 
could reduce the number of registration steps currently required with the technique, and 
in the case of intensity-based tracking, allow post-surgical kinematics to be compared to 
pre-surgical kinematics.  
We have created a step-up platform that fits within the field of view of the system 
and can be instrumented with a force platform, to enable in vivo studies (Figure 5.8). 
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5.1.5 Computer Modeling and Finite Element Analysis 
All new hip and knee implants must undergo wear-simulator testing in order to be 
evaluated for potential clinical use. It is well recognized, however, that wear simulators 
are associated with a number of limitations.
17
 Implants must undergo millions of wear 
cycles in order to produced clinically relevant results. At a cycle frequency of 1 to 
1.5 Hz, this results in many weeks or months of testing. Wear simulators are also very 
costly to purchase and operate. Finally, the kinematics that a wear simulator is capable of 
producing are not truly representative of the walking, stair-climbing, bending, twisting, 
and other motions physiologically produced in an actual patient.
28
 For these reasons, 
computer-based wear simulations have recently been developed.
17-20
  
Figure 5.8: A step-up platform instrumented with a force plate (A) will 
enable the collection of knee joint kinematics, kinetics, and implant wear 
from patients (B). 
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Micro-CT can contribute to these studies in a number of ways. All simulations 
utilize a 3D model of the components. As noted previously in section 6.2.3, micro-CT 
can be used to reverse-engineer 3D geometries of the components, to produce an accurate 
representation for the wear simulation. It has been found that the CAD models of inserts 
vary from manufactured components, necessitating reverse engineering for proper wear 
analysis. These reverse-engineered geometries can also be used in finite element analysis, 
to study the stresses and strains around and within the implants. Finally, in order to 
ensure the accuracy of the computer simulation, the results of new simulation programs 
must be validated against the results from mechanical wear simulator studies, and from 
components retrieved from patients. Micro-CT can be used in these studies to accurately 
quantify the wear that has occurred. In an example of this, we have worked with 
collaborators to compare a wear map of a retrieved tibial insert (developed through 
micro-CT) to the peak contact stresses on the same tibial insert using a computer model 
(Figure 5.9).  
 
Finally, the kinematics and implant wear data acquired from the dynamic 
radiography trials can also be integrated into computer models, providing accurate, 
Figure 5.9: For a retrieved tibial insert, a deviation map was constructed 
(left) and compared to peak stresses during gait (right).
21
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patient-specific in vivo data that can greatly improve the utility of such simulations. Such 
an integration of multiple modalities holds great potential as an exciting area of future 
research, greatly decreasing the cost and time required to develop and test new joint 
replacement components. 
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Appendix A 
 
Additional Analyses from the Dynamic Wear 
Measurements 
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A.1 Effect of Voxel Size on Wear Volume and Run Time 
 
 
 
Figure A.1: Graph demonstrating the effect of voxel size (horizontal axis, in mm) on both 
wear volume (left vertical axis, in mm
3
, line in red) and computational run time (right 
vertical axis, in s, line in blue). The intersection of the two lines at a voxel size of 
0.075 mm is the optimum between volume and run time, and was selected for the study. 
Note that a change in the voxel size of 0.05 mm (e.g. 0.10 to 0.05 mm) results in a volume 
change of approximately 10 mm
3
 (693 to 683 mm
3
), a difference of 1.5%, but also 
increases the run time six-fold (300 to 1800 s).  
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A.2 Effect of In-plane RMS Error on Wear Volume  
Seslija et al. (2012, Submitted) previously characterized the precision and 
accuracy of tracking joint motion by the imaging system that was also used for the 
dynamic wear measurements. The RMS errors were found to be ±0.065 mm for Tx and 
±0.085 mm for Ty. The effect of the in-plane RMS error (i.e. repeatability) for tracking 
translations on the wear volume measurements was determined by adding or subtracting 
the magnitude of the RMS error to the correction factors in the X and Y directions. This 
RMS error results in the variability in volume measurements between repeated 
acquisitions with the same tibial insert, and also affects the choice of correction factors 
during the recalibration of the implant geometries. The RMS error in the X direction had 
a four times greater effect on volume than RMS error in the Y direction. 
Table A.1: Effect of in-plane translation RMS error on wear volume measurements. 
RMS Error 
Correction 
Factors 
Wear Volume 
(mm
3
) 
Absolute 
Change (mm
3
) 
Percent 
Change (%) 
Neutral 
X = -3.000, 
Y = -2.000 
450.692 --- --- 
X – 0.065 mm 
X = -3.065, 
Y = -2.000 
508.745 +58.1 +12.9 
X + 0.065 mm 
X = -2.935 
Y = -2.000 
395.609 -55.1 -12.2 
Y – 0.085 mm 
X = -3.000, 
Y = -2.085 
435.097 -15.6 -3.5 
Y + 0.085 mm 
X = -3.000, 
Y = -1.915 
466.841 +16.1 +3.6 
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A.3 CT Isosurface and CAD Model Registration  
  
 
 
Figure A.2: 3D renderings of the CT isosurfaces (red) and CAD models (grey) for the 
femoral component (top) and tibial component (bottom). For the femoral component, the 
CAD model extrudes further on the lateral side and the CT isosurface extrudes further on 
the medial side, suggesting there is a tilt to the geometry of the CAD model. For the tibial 
component, the CT isosurface extrudes further along the superior aspect, suggesting that 
the CAD model is shifted downwards.  
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Figure A.3: Deviation map for the femoral component, between the CT isosurface 
(reference) and the CAD model. Deviations are in mm.  
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Figure A.4: Deviation map for the tibial component, between the CT isosurface (reference) 
and the CAD model. Deviations are in mm.  
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